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I.  SlMMtY 


An  exptrimttnt  on  the  effect  of  changing  the  final  sintering  temperature 
of  GeBiTe  has  shown  that  properties  and  consistency  are  improved  by  deter¬ 
mining  the  solidus  for  each  heat^  and  then  setting  the  final  sintering 
tenuperature  at  or  sli^tly  below  that  temperature.  The  efficiency  of  a 
multiple  array  of  BiSbTe-PbTe  couples  has  been  measured  and  found  to  be 
7  percent  with  a  cold  side  temperature  of  50*0  and  hot  side  temperature 
of  375*0-400*0.  The  mechanical  and  vaporisation  -  oxidation  properties 
of  OoSbTeSe  have  been  measured  to  700*0,  Additional  results  from  investi¬ 
gation  of  "p*'  type  Co-Sb  base  alloys  are  reported. 

The  work  on  Sn  diffusion  bonding,  with  and  without  protective  recesses, 
has  been  completed,  and  processing  details  and  life  test  results  are  reported. 
A  gas  pressure  autoclave  provides  a  means  for  subjecting  materials  and 
contacts  to  simultaneous  pressure  and  temperature  under  controlled  atmos¬ 
pheres.  Results  on  properties  and  contacts  are  reported. 
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ABSTRACT 


Some  160  pellets  of  three  germanlum-blsmuth-tellurlde  compositions 
were  sintered  at  different  temperatures.  Results  showed  that  there  was 
a  substantial  change  in  the  sintered  density,  thermoelectric  and 
mechanical  properties,  and  the  microstructure  of  the  material  with  a 
change  in  sintering  temperature.  These  changes  in  properties  are 
tenatively  correlated  to  a  possible  liquid-solid  trensformation  in  the 


material. 


INTRODUCTION 


Gerinanlum-bi8muth*tellurld«  (Ge^^^Bi^Te)  ^  «  Westinghouaa  dtvttlop^d 

"p'^  typ8  thermoftlectric  compound,  is  widely  used  in  thermoelectric  devices 

becsuse  of  its  high  thermoelectric  efficiency  in  the  500-900^K  temperature 
(2) 

range.  In  the  early  stages  of  its  development,  two  methods  were  used  to 
produce  ^:hi8  alloy,  one  being  the  Bridgman  melting  technique^^^  which  util¬ 
ized  the  controlled  solidification  of  the  material  in  a  temperature  gradient 
to  obtain  the  proper  composition  and  crystallographic  orientation,  and  the 
other,  a  hot  pressing  procedure  which  prcCjced^  '  an  extremely  dense  pellet. 
Although  both  of  the  techniques  produced  good  thermoelectric  material,  ^oth 
techniques  had  certain  inherent  disadvantages.  For  example,  the  Bridgman 
technique  necessitated  a  cutting  operation  which  was  extremely  difficult 
since  the  cast  product  was  very  brittle.  Also,  both  methods  produced  mater¬ 
ial  at  such  a  very  slow  rate  that  they  were  not  readily  adaptable  to  produc¬ 
tion  of  pellets  in  large  quantities.  For  that  reason,  batch  type  powder- 

metallurgy  cold  pressing  and  sintering  techniques  were  developed  for  the 

(4) 

processing  of  germanium-bismuth-telluride. 

Work  on  the  powder  metallurgy  processing  of  Ge^^^Bi^Te  compounds  was 
begun  some  three  years  ago.  Since  that  time  continuing  effort  has  been 
applied  to  improve  the  properties  and  consistency.  Primary  effort  has  been 
on  investigation  of  the  various  powder  processing  variables.  One  of  the 
most  frequent  problems  confronting  the  users  of  Ge^^^Bi^Te  has  been  the  lack 
of  consistency  from  one  batch  to  another,  and  even  within  a  given  batch,  from 
one  sintering  operation  to  the  next.  Although  this  problem  still  exists  with 
germanium-bismuth-telluride,  work  during  the  last  year  has  focused  on  one  of 
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the  mein  problems  concerned  with  producing  this  material^  namely  sintering. 
This  report  describes  an  Investigation  of  sintering  of  germanium-bismuth* 
tellurlde  and  the  effects  on  structure  and  properties.  The  results,  al¬ 
though  at  times  somewhat  conflicting,  do  indicate  that  with  very  close 
control  of  the  sintering  treatment  better  consistency  of  properties  within 
each  heal  of  material  can  be  obtained. 

Background 

Before  going  Into  the  detailed  description  of  this  investigation,  some 
of  the  results  of  past  work  on  the  powder  metallurgy  of  germanlum-blsmuth- 
tellurlde  will  be  reviewed. 

Historically,  the  two  compositions  that  showed  promise  as  possible  de¬ 
vice  components  were  Ge^  ^Bi^  ^Te  and  Ge^  ^jBIq  ^^Te^^  y  Both  of  these  compo¬ 
sitions  had  good  thermoelectric  properties  when  made  using  the  hot  press  or 
Bridgman  methods.  However,  In  early  attempts  to  produce  these  compositions 
by  cold  pressing  and  sintering  techniques,  excessively  high  resistivity  and 
Seebeck  coefficients  were  obtained.  Other  compositions  were  then  tried, 
among  which  were  Ge^  ,38!^  ^^Te,  Ge^  „5BiQ  Q^jTe  and  Ge^  g^Te.  All 

of  these  compositions  when  cold  pressed  and  sintered  had  good  thermoelectric 
(4) 

properties. ^  ^  In  addition  to  the  three  specific  compositions  listed  above, 
a  series  of  other  alloys  made  with  tellurium  levels  vary¬ 

ing  from  y  «  1.00  to  0.85  with  no  apparent  effect  on  the  thermoelectric 

(4) 

properties  of  the  material. ^ 

In  earlier  work,  germanlum-blsmuth-tellurlde  was  made  In  a  rocking 
furnace  In  a  sealed  Vycor  tube  containing  an  argon  atmosphere.  Presently, 
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the  alloy  is  melted  in  three  kilogram  quantities  in  a  high  frequency  induc¬ 
tion  furnace  with  good  results.  The  resultant  material  is  then  hand  mortared 
and  pestled  to  minus  60  mesh  powder^  which  was  found  to  be  the  best  particle 
size.  The  best  overall  properties  have  been  obtained  by  pressing  at  35  TSI^ 
followed  by  sintering  for  1-1/2  hours  at  600*0  plus  l/2  hour  at  685*0  in  a 
hydrogen  atmosphere.  The  work  presented  in  this  report  will  show  that  the 
above  sintering  treatment  was  very  close  to  the  optimum  one^  but  that  greater 
consistency  and  slightly  better  properties  can  be  obtained  by  raising  the 
final  sintering  temperature. 

Experimental  Procedure 

The  processing  procedure  used  in  this  investigation  was  the  same  as  has 
been  outlined  above  except  that  a  series  of  final  sintering  temperatures  were 
tried  on  four  -  3000  gram  heats  of  material.  The  procedure  was  as  follows: 
a)  Compositions  -  Ge^  93BiQ  Q^Te  (2  heats) 

'•0.935“0.065^* 

'•0.95“0.05^* 

Halting  -  The  alloys  were  melted  In  a  high  frequency  (3000  cps) 

(4) 

induction  furnace.  Three  thousand  grams  of  high  purity  '  raw 
materials  weighed  out  in  the  correct  proportions  were  placed 
in  a  graphite  crucible.  Charge  compositions  are  shown  in  Table 
I.  The  furnace  was  pumped  down  to  less  than  200  microns  of  Hg 
and  backfilled  with  argon  to  680  mm  of  Hg  to  provide  an  inert 
cover  over  the  melt.  A  very  fast  heating  rate  was  used  (120 
to  145*c/minute)  so  that  the  melt  was  ready  for  pouring  in 
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7  to  8  minutes.  The  melt  was  poured  at  about  980*C  into  a 
copper-bottomed^  graphite  mold  and  allowed  to  solidify.  Four 
3000  gram  heats  were  made  having  the  following  compositions: 


Heat 

3458 

°®o.  95*^0.05"^® 

Heat 

3471 

■  °®0.93®^0.07^® 

Heat 

3531 

®®0,93®S.07’^® 

Heat 

3532 

‘^®0.935®^0.065' 

Grinding  -  The  cast  ingot  was  hand  mortared  and  pestled  to 
pass  through  a  60  mesh  sieve. 

d)  Pressing  -  The  minus  60  mesh  powder  was  pressed  in  a  carbide- 
lined,  tapered  die  at  a  pressing  pressure  of  33  TSI  using 
double  action  pressingo  In  all,  some  160  -  l/2*'  diameter  by 
1/2”  long  pellets  were  pressed  for  this  investigation^ 

®)  Sintering  -  All  of  the  160  -  l/2”  diameter  x  l/2”  long  pellets 
were  sintered  for  1-1/2  hours  at  600^C  in  a  hydrogen  atmosphere. 
Then  pellets  from  each  of  the  four  heats  of  material  were  sintered 
for  1/2  hour  at  670,  675,  680,  685,  690,  695,  and  700®C  in  a 
hydrogen  atmosphere.  In  addition  pellets  of  Heat  3458  (Ge^ 

BIq  05^^^  sintered  l/2  hour  at  705*'C  and  710*^0,  again  in 

hydrogen.  The  other  three  heats  melt  at  these  temperatures. 

All  sintering  was  done  in  a  BTU-Belt  furnace  controlled  to  ^  2*C. 
After  sintering  the  pellets  were  cooled  in  the  hydrogen  atmos¬ 
phere.  In  all  cases  a  recording  thermocouple  was  attached  to 
the  graphite  sintering  boat  for  each  l/2  hour  run,  so  that  a 


-  4  - 


complete  tlme«temp«ratur«  record  from  heat  up  to  cool  doim 
was  available  for  each  sintering  treatment. 

Testing  *  After  sintering^  the  following  testa  were  performed: 

1)  As  sintered  density  measurements  were  made  on  all  pellets 
(Table  II). 

2)  Thermoelectric  property  measurements  were  made  on  selected 
pellets  (Table  III). 

3)  Room  temperature  tensile  strengths  of  selected  pellets 
were  measured  using  a  simple  ceramic  break  test  (Table  IV). 

4)  A  metal lographic  study  of  the  various  sintered  pellets  was 
made  after  the  thermoelectric  properties  were  measured. 

S)  Other  Tests  -  To  attempt  to  correlate  the  sintering  character* 
istics  to  a  possible  phase  transformation  during  sintering,  a 
cooling  curve  was  run  for  each  heat  of  material.  (Table  V). 

Results  and  Discussion 

The  sintered  density  is  plotted  as  a  function  of  final  sintering  temper¬ 
ature  for  each  composition  in  Figures  1  through  4.  The  solidus  temperature 
for  each  composition,  as  determined  from  the  cooling  curve,  is  shown  on  these 
graphs.  The  point  of  maximum  density  occurs  very  close  to  the  solidus  temper¬ 
ature.  In  two  cases,  Ge^  95®^0  05^*  ^^0  935*^0  065^*'  maximum  density 

appears  to  occur  slightly  above  the  solidus,  while  for  Ge^  93^^0  07^^  occurs 
slightly  below  the  solidus.  The  accuracy  of  the  measurements  is  not  great 
enough  to  precisely  locate  these  points  in  relation  to  each  other.  However, 
it  is  apparent  that  maximum  density  can  be  achieved  by  determining  the  solidus 
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tmpttrature  and  than  controlling  the  final  aintaring  tamparatura  aa  cloaa 
to  that  point  aa  poaaibla.  Soma  amall  amount  of  liquid  phaaa  may  ba  praaant 
and  may  anhanca  tha  aintaring  reaction.  At  higher  aintaring  tamparatura^  a 
greater  amount  of  liquid  phaaa  would  tend  to  cauaa  awalling,  and  in  cool 

down,  would  leave  ahrinkaga  voida  and  raault  in  lower  denaity. 

-->2 

The  broad  temperature  range  Seabeck,  reaiativity,  and  S  /p  paramatera 
of  the  four  heats  are  plotted  aa  a  function  of  final  aintaring  temperature 
in  Figurea  5  to  7. 

Tha  affect  of  increaaing  tha  final  aintaring  temperature  ia  generally 

to  lower  both  the  Seebeck  and  the  resiatlvity  in  auch  relation  aa  to  increase 
—2  ““ 

the  S  /p  parameter.  The  best  edmbination  of  thermoelectric  properties  appears 
to  result  from  approximately  the  same  final  sintering  temperature  that  gives 
maximum  denaity. 

The  room  tepiperature  tensile  strengths  of  the  four  heats  following  the 
various  final  sinter  temperature  treatments  are  listed  in  Table  IV  and 
plotted  in  Figure  8.  Although  there  is  considerable  scatter  in  the  results, 
probably  due  to  the  extreme  brittleness  of  the  material,  there  does  appear 
to  be  some  indication  that  the  best  strength  and  perhaps  the  greatest  con¬ 
sistency  would  be  obtained  from  a  final  sinter  temperature  very  close  to 
the  solidus  temperature.  Compression  tests  made  for  two  final  sinter  temper¬ 
atures,  665*C  and  685*C,  have  showed  higher  strength  and  greater  consistency 
for  the  683*C  final  sinter. 

The  effects  of  final  sintering  temperature  on  microstructure  are  shown 
in  Figure  9.  Although  only  one  heat  is  shown,  the  structures  are  typical 
for  all  of  the  heats.  At  the  lowest  final  sintering  temperature  (670*C)  the 
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structure  retains  the  as -pressed  powder  characteristics.  There  Is  a  range 

of  particle  sizes,  the  particles  are  angular,  and  only  point  sintering  has 

occurred  between  particles.  At  the  next  higher  temperature  (675*C)  more 

sintering  has  occurred,  and  some  growth  appears  to  be  commenslng  In  the  small 

particles.  At  680^C,  sintering  Is  almost  complete,  and  vlod  annihilation  by 

diffusion  Is  starting.  At  683*0,  particles  are  no  longer  visible  and  pores 

are  becoming  rounded.  At  690*0  pores  are  even  more  rounded  and  a  second 

(6) 

phase  (Identified  as  germanium)  Is  becoming  more  evident.  The  solidus  for 
this  heat  was  measured  as  691*0  with  an  estimated  accuracy  of  5*0.  At 
693*0  and  700*0,  the  pores  continue  to  grow  and  the  second  phase  becomes 
more  pronounced. 

The  results  of  this  Investigation  on  the  sintering  of  germanium-bismuth- 
tellurlde  show  that  the  properties  and  microstructure  of  the  final  product 
are  very  much  dependent  on  the  final  sintering  temperature  of  a  two-step 
treatment.  There  Is  also  evidence  that  the  sintering  characteristics  of  the 
material  are  dependent  on  the  solidus  temperature  of  the  particular  composi¬ 
tion.  This  work  also  shows  that  there  is  a  definite  variation  from  one  heat 
to  the  next  even  with  the  same  charge  composition. 

The  results  of  the  Investigation  suggest  an  additional  process  control 
to  achieve  good  properties  and  greater  consistency  In  germanlum-bismuth-tel- 
lurlde.  This  Is  to  measure  solidus  temperature  of  each  heat  of  material  and  to 
set  the  final  sinter  temperature  at  or  a  few  degrees  below  the  solidus  temper ¬ 
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Concluiioni 


1. )  For  Mch  particular  germanlum^biamuth-tallurida  compoaition  thara  Is  a 
particular  slntarlng  temperatura  that  produces  the  maximum  slntarad  danslty« 
The  slntarlng  tamparatura  which  produces  this  maximum  Is  vary  near  the  sol¬ 
idus  temperatura  for  that  composition. 

2. )  In  most  caseS|  tha  broad  temperatura  range  Seebeck  coefficient  dacreasas 
as  the  final  sintering  temperature  Increases. 

3. )  Broad  temperature  range  electrical  resistivity  tends  to  decrease  with 
increasing  sintering  temperature^  reach  a  minimum^  then  In  some  Instances^ 
slightly  Increase. 

4. )  Use  of  the  thermoelectric  evaluation  parameter^  S  /p  indicates  that  the 
higher  sintering  temperatures  produce  the  best  thermoelectric  materials. 

5. )  The  room  temperature  tensile  property  measurements  show  soma  change  In 
tensile  strength  as  a  function  of  sintering  temperature^  and  Indicate  that 
higher  sintering  temperature  gives  higher  strength. 

6. )  Microstructure  studies  show  a  drastic  change  In  the  structure  of  the 
material  as  the  sintering  temperature  is  changed,  from  an  angular  partially 
sintered  type  of  structure  at  the  lower  sintering  temperature  to  a  fully 
sintered  structure  containing  round  voids  at  the  higher  sintering  temperatures. 
In  addition,  some  cracking  Is  noted  on  many  of  the  samples. 

7. )  A  change  of  only  5*C  In  the  final  sintering  temperature  of  any  of  the 
germanlum-blsmuth-tellurlde  alloys  has  a  marked  effect  on  the  final  pro¬ 
perties  and  microstructure  of  the  material. 
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TABU  I 

Chanlcal  Compoaltlon 

w/o  Ge 

^0  Bi 

w/o  Ta 

®*o,  93*^0.07’^* 

32.19 

6.97 

60.84 

®*0. 935*^0.065^* 

32.47 

6.50 

61.03 

®*0,  95*^0.  OS'^* 

33.31 

5.05 

61.64 

CompositlonB  of  Thrte  Standard  Garmanlum-Blanuth-Tcllurlda  Alloya. 


TABLE  II 

Saaplca  Sintered  l-l/2  hours  et  600*C  plus  l/2  hour  et  670*C 
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Sintered  Densities  of  Various  Germanium-Bismuth-Telluride 

Cofsposltion  with  Varying  Sintering  Treatments. 


TABLE  II  (cont) 

Samples  Sintered  l-l/2  hours  at  600*C  plus  l/2  hour  at  680*C 
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Sandies  Sintered  l-l/2  hours  et  600*C  plus  l/2  hour  et  690*C 
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TABLE  11,  (cont) 

Saiiq>le8  Sintered  1-1/2  hours  at  600^C  plus  l/2  hour  at  700^C 
In  a  hydrogen  atmosphere 
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TABLE  III 

Typical  Thermoelectric  Properties  of  Germanlum-Blsmuth-Telluride 
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(1)  Heat  3458  is  Gsp  95BiQ  05^*,  Heat  3532  is  Ge^  935*10  0g5Te  and  Heats  3471  and  3531  are  Ge^  93BI0  07T«. 

(2)  All  samples  were  sintered  for  I-I/2  hours  at  600*C  plus  l/2  hour  at  the  temp,  indicated,  all  in  H2  atmosphere. 
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Final  Sintering  Temperature 


TABLE  V 


Hast  No. 

Chraical  Compoaitlon 

Solidus  Tompsratur*  (*C) 

3456 

°*0. 95*‘o.05** 

697 

3532 

''•0.935“0.065’‘ 

693 

3471 

‘'•0.93“0.07^* 

691 

3531 

°*0. 93’‘o.07^* 

691 

Solidus  Tsmpsraturs  of  Various 
Garmanium^Bisnuth-TslIurida  Alloys 


CURVE  565796 


(33/sujej6)  AtjSUdQ  pdja^ujs 


Fig.  1-Sintered  density  versus  final  sintering  temperature 
Heat  3458  (Ge-  ^  BL  Te) 


CURVE  565797 
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Fig.  2-Slntered  density  versus  final  sintering  temperature 
Heat  3532  (Ge^  Bi^  Te) 


Final  Sintering  Temperature  (®C) 

Fig.  3-Sintered  density  versus  final  sintering  temperature 
Heat  3471  (Ge^  BL  .7  Te) 


Fig.  5-Seebeck  coefficient  versus  final  sintering  temperature' 


>o 

cvj 


CNJ 

CSJ 


luo-yuj  (DoOSfr-OOI) 
A^jAjiSjss^  ie3upai3 


SO 

O 


Fig,  6-Electrical  resistivity  versus  final  sintering  temperature 
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Fig.  7-Evaluation  parameter  versus  final  sintering  temperature 


CURVE  565803 


Fig.  8-Room  temperature  tensile  strength  versus  final  sintering  temperature 


FIGURE  9 


N«g.  No.  62-281-8  As-Pollshed  lOOX  Neg.  No.  62-281-9  As-Pollshed 

Final  Sinter  Temp.  670*C  Final  Sinter  Temp.  67S*C 


lOOX 


N«g.  Mo.  62-281-10  Ai-Pollthod  lOOX  Nog.  No.  62-281-11  At  Polithod 

Final  Sintar  Tamp.  680*C  Final  Sintar  Tamp,  685*C 


lOOX 


Typical  Structura  of  Garmanium-Biamuth-Tallurida 
Haat  3531 
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N«g.  No.  62-281-12  As-Pollshod  lOOX  Nog.  No.  32-281-13  As-PoIi«hod  lOOX 

Final  Slntor  Tamp.  690*C  Final  Sintar  Tamp.  693*C 


Nag.  No.  62-281-14  Aa-Poliahad  lOOX 
Final  Sintar  Tamp.  700*C 


CLM  29971 


Sb«Bl"Tt  Power  Gentratlon  Alloys 


Life  testing  continues  on  couples  and  modules  containing  Sb-Bl-Te 
alloys  as  p-legs.  Module  X-12  (described  In  Quarterly  Progress  Report 
No.  2,  August  1962)  has  now  accumulated  6158  hours  of  operating  time 
and  31  cycles^  with  a  total  degradation  of  101  In  power  output. 

An  additional  module  of  nine  couples  was  constructed  for  an  efficiency 
determination.  The  couples  consisted  of  l/V  x  1/4'*  x  l/4*'  pressed  and 
annealed  pellets  of  Sb^  PbTe  for  the  p  and  n-legs^  respect¬ 

ively.  Efficiencies^  In  terms  of  power  out  to  heat  In  were  determined 
for  a  variety  of  operating  temperatures.  The  results  are  summarized  In 
Figure  1.  Each  curve  shows  efficiency  as  a  function  of  hot  side  temper¬ 
ature,  measured  at  the  hot  straps,  for  a  fixed  cold  side  temperature, 
measured  at  the  heat  sink  ends  of  the  braids.  The  actual  temperature 
gradient  of  the  thermoelectric  materials  Is  somewhat  less  than  that 
calculated  from  the  measured  hot  and  cold  temperatures  because  of  the 
thermal  drop  along  the  braids.  An  efficiency  of  nearly  7%  Is  reached 
with  cold  side  of  30 and  hot  side  of  375-400^0.  The  maximum  power 
output  for  the  nine  couple  module  for  the  largest  AT  tested  (30^0  cold 
side,  423^C  hot  side)  Is  6.23  watts.  This  module  has  now  been  transferred 
from  the  efficiency  checker  to  a  standard  life  test  station. 

Life  testing  of  Sb-Bl-Te  alloys  will  be  continued  since  preliminary 
analysis,  based  on  efficiency,  power  output,  and  life  Indicated  the 
possibility  of  designing  both  portable  and  remote  power  packs  using  this 
material. 
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CURVE  366052 
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Fig.  l“E"iciency  of  9  couple  module  of  Sb-Bl-Te  and  PbTe  couples 


Cobalt'^Antimony  Alloyt 


Htchanlcal  Prop«rti«f 

Th«  m«chanle«l  propartias  vara  maaaurad  in  tansion  and  compraaalon 
parallal  to  praaaing.  For  tha  compraaalon  taata^  moat  apaeimana  vara 
1/2"  diamatar  by  l/2”  long;  and  two  apaeimana  vara  atackad  for  aach  ala- 
vatad  tamparatura  taat  ao  that  atraina  could  ba  maaaurad  ovar  a  longar 
apaciman.  Tha  compraaaiva  atrain  waa  maaaurad  ovar  tha  V*  langth  with  an 
SR *4  daflactomatar  ao  that  tha  0.2X  yiald  could  ba  computad.  In  aoma 
taata;  two  l/2”  diamatar  by  1"  long  apaeimana  wara  atackad  ao  that  an 
SR*4  axtanaomatar  could  ba  uaad  to  obtain  a  maaaura  of  tha  modulua  of 
alaaticity  at  tha  alavatad  tamparaturaa.  The  axtanaomatar  maaauraa  tha 
atrain  ovar  a  ona*inch  langth;  but  a  two*inch  apaciman  la  naadad  to  accom* 
modata  tha  axtanaomatar  arma.  At  room  tamparatura  in  thoaa  caaaa  whara 
tha  modulua  of  alaaticity  and  Foiaaon'a  ratio  wara  maaaurad,  SR*4  raaia- 
tanca  gagaa  wara  uaad.  In  thaaa  taata,  only  ona  1/2”  diamatar  by  l/2” 
long  pallat  waa  uaad  for  aach  taat. 

Two  kinda  of  apaeimana  wara  uaad  for  tha  tanaila  taata.  At  room  taan- 
paratura,  l/2”  diamatar  by  1”  long  apaeimana  wara  camantad  to  stainlaaa 
ataal  adaptara.  At  tha  alavatad  tamparaturaa;  the  camanta  wara  not  atrong 
anou^;  ao  tha  apaciman  waa  radaaignad  aa  indicated  in  Figure  1.  Split* 
nut  adaptara  wara  daaignad  to  hold  thia  apaciman  during  taating.  Attampta 
wara  aMda  to  uaa  SR*4  raaiatanca  gagaa  to  maaaura  tha  modulua  of  alaaticity 
and  Foiaaon'a  ratio  at  room  tamparatura  with  tha  radaaignad  apaciman.  Ba* 
cauaa  of  tha  abort  gaga  langth  and  amall  diamatar;  tha  gagaa  could  not  ba 
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fitted  and  bonded  well  enou^  to  obtain  accurate  date.  In  the  elevated 
tea^erature  teata  only  tha  ultlawta  atrangth  waa  neeaured.  Becauae  of 
tha  brlttlenaaa  of  the  iMterlal,  an  extenaoawter  could  not  be  uaed  for 
fear  of  breaking  tha  apeclmana.  The  caaiented  apeclmena  were  large  enough 
to  mount  attain  gagea  on  them  ao  that  the  modulua  of  alaatlclty  and 
Polaaon'a  ratio  were  meaeurad  with  them  at  room  taaiperatura. 

All  elavated  teaq>erature  teata  were  conducted  In  a  flooded  argon  gaa 
atmoaphere,  and  a  realatance-type  furnace  waa  uaad  to  heat  the  apeclmena. 
The  room  temperature  teata  were  conducted  In:  air.  In  all  taftay;  cave  waa 
exerclaad  to  atake  certain  that  good  axial  alignment  waa  obtained.  The 
50,000*lb  Baldwin  SR-4  FGT  tenalle  machine  and  a  20,000>lb  Wiedemann  Hark 
B  20  tenalle  machine  were  uaed  to  apply  the  loada.  The  ultimate  atrength, 
0.2Z  yield  atrength,  the  modulua  of  alaatlclty^  and  Polaaon'a  ratio  were 
meaeurad. 

Tha  tenalon  and  coaipraaalon  data  are  preaented  In  tabular  form  In 
Tablea  1  and  2,  and  are  plotted  In  Flgurea  2  and  3.  Tha  dlmenalona  of 
tenalle  apeclmen  are  given  In  Figure  1. 

The  reaulta  ahow  that  the  ultimate  atrength  of  CoSbTe  In  compreaalon 
la  about  tan  tlmea  aa  great  aa  In  tanalon.  The  apread  In  the  tenalon  and 
compreaalon  data  la  greater  at  room  temperature  than  at  the  higher  teatlng 
temperaturea^  being  a  adnlmum  at  the  maximum  teatlng  tamparatura,  700*C. 

In  tenalon  and  compreaalon,  the  ultliaete  atrength  decreaaea  anich  aiore 
rapidly  from  2S0*C  to  700*C  than  It  doea  from  room  temperature  to  2S0*C. 
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TABLE  1 


HBCRAMICAL  PEOPBRTIIS  OF  CoSbTt,  HEATS  #3435  AND  3262T 
FEOM  EOOM  TEMPERATURE  TO  700  *C  IN  COMPEESSION 


Hark 

Diamatar 

Tast 

Tamp. 

*C 

Comprsstion 

Stransth 

Lba.  Psi 

Modulus  of 
Elasticity 
iO*  Pai 

Poiaaon's 

Ratio 

3435-1 

.505 

'250 

8600 

42950 

* 

* 

-2 

.504 

If 

5800 

29050 

♦ 

* 

-3 

.504 

It 

7300 

36600 

* 

* 

-4 

.505 

500 

2260 

11300 

* 

* 

-5 

.507 

II 

2665 

13200 

* 

it 

-6 

.505 

n 

2635 

13150 

* 

* 

-7 

.504 

700 

380 

1900 

* 

* 

-8 

.505 

n 

424 

2100 

* 

* 

-9 

.505 

n 

281 

1400 

if 

* 

-10 

.505 

R.T. 

6800 

33950 

+ 

+ 

-11 

.505 

n 

2200 

11000 

> 

-12 

.505 

It 

5180 

25850 

-13 

.505 

R.T. 

7140 

36650 

2.5 

.34 

-14 

.505 

R.T. 

9400 

46950 

2.0 

.28 

-15 

.505 

R.T. 

5380 

26850 

2.7 

+ 

-16 

.505 

R.T. 

11000 

54900 

4.4 

3262T-1 

.505 

200 

1320 

6600 

7.6 

* 

-2 

.505 

400 

2350 

11750 

7.5 

* 

-3 

.505 

600 

2750 

13750 

4.1 

* 

-4 

.505 

R.T. 

9880 

49300 

* 

* 

-5 

.500 

R.T. 

8670 

44150 

+ 

-6 

.500 

R.T. 

3200 

16300 

+ 

+ 

*  This  proparty  not  moasurod. 

4*  Tha  rasulta  obtalnad  for  thla  proparty  ara  not  accurata  and  ara  not  raportad. 

NOTE:  1)  CoSbTa  doaa  not  axhlblt  0.2X  ylald  in  conpraaalon.  Tha  apaclnan 
always  fails  bafora  0.2X  yiald  is  raachad. 

2)  Tha  noduluB  of  alaatlcity  for  apaclmana  3262T-l,->2,&-3  wars  maaaurad 
with  SR-4  strain  gagas. 

3)  An  8E-4  axtanaomatar  waa  uaad  to  maatura  tha  modulus  of  alas tie! ty 
of  spacimana  3262T'>1,>2,  &  -3. 

4)  Spaeiowns  of  Hast  3435  wars  two  pallats  1/2”  diamatar  by  l/2"  long 
stackad. 

5)  Spacimana  of  Hast  3263T  wars  two  psllata  l/2"  diamatar  by  l”long 
ataekad, 
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TABLE  2 

MECHANICAL  PROPERTIES  OF  CoSbTe,  HEAT  #3435 
FROM  ROOM  TEMPERATURE  TO  700 *C  IN  TENSION 


Test  Ultlmat* 

Temp,  Strength  Modulus  of  Poisson's 


Mark 

Diameter 

•c 

Lbs, 

Psi 

Elasticity 

Ratio 

3435-1 

.250 

250 

149 

3050 

* 

* 

-2 

.250 

If 

126 

2550 

* 

* 

-3 

.250 

ft 

169 

3450 

* 

-4 

.250 

500 

57 

1150 

* 

* 

-5 

.250 

ft 

130 

2650 

* 

* 

-6 

.250 

ft 

98 

2000 

* 

* 

-7 

.250 

700 

10 

200 

* 

* 

-8 

.250 

It 

9 

200 

* 

* 

-9 

.250 

ft 

14 

300 

★ 

♦ 

-10 

.250 

R.T. 

138 

2800 

+ 

+ 

-11 

.250 

It 

174 

3550 

+ 

-12 

.250 

It 

126 

2550 

+  6 

+ 

-13 

.500 

II 

309 

1550 

10.3  X 

0.29 

-14 

.500 

II 

225 

1150 

+ 

0.29 

*  This  property  wes  not  measured. 

^  The  results  obtained  for  this  property  are  not  accurate  and  are  not  reported. 


NOTE:  1)  CoSbTe  does  not  exhibit  0.2X  yield  In  tension.  The  specimen  always 
failed  before  0.2X  yield  was  reached. 

2)  The  modulus  of  elasticity  and  Poisson’s  ratio  for  specimens  #13  and 
#14  were  measured  with  SR-4  gages. 

3)  Specimens  1  to  12  are  the  redesigned  type  shown  In  Figure  1. 

4)  Specimens  13  and  14  were  l/2"  diameter  by  1"  long  cemeftted  to 
stainless  steel  adapters. 
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Fig.  1-CoSbTe  tensile  specimen 
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CURVE  5660S3 
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Fig.  2-Ultimate  strength  of  CoSbTe  from  R.  T.  to  700  ®C  in  compression 
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CURVE  S660$4 


Fig.  3— Ultimate  strength  of  CoSbTe  from  R.  T.  to  700  *C  in  tension 


Exposure  Tests 


To  evsiuste  the  stsbllity  of  the  Co*Sb  alloys,  exposure  tests  are 
being  run  at  S50*C  and  700*0  in  various  environments.  Some  data  has 
been  obtained  for  short  time  tests  (100  hour)  and  the  1000  hour  tests 
are  in  progress.  The  following  graphs  show  the  results  on  two  proper¬ 
ties:  Seebeck  and  resistivity,  and  weight  change.  At  500*0,  the 
thermoelectric  properties  are  relatively  constant  for  the  short  time 
tests,  but  show  erratic  behavior  at  700*C  in  air  and  vacuum.  As  would 
be  expected,  there  is  a  weight  increase  for  samples  exposed  in  air  as 
a  result  of  oxidation,  whereas  samples  heated  in  vacuum  or  ar.gon  show 
a  weight  loss  resulting  from  vaporization.  The  weight  losses  are  very 
small  relative  to  the  weight  gains.  At  550*C,  oxidation  appears  to 
follow  parabolic  law,  possibly  indicating  the  formation  of  a  protective 
oxide  layer.  However,  the  probability  of  using  the  material  in  air  at 
550*C  for  extended  times  is  low  because  a  non-oxidizing  contact  would 
have  to  be  found. 

Type  Alloy  Development 

The  CoSb..  Sn  and  Co.  Fe  Sb.  systems  are  currently  under  investi- 

aJ  —X  X  t  —X  X  J 

gation.  It  is  known  from  previous  work  that  Sn  and  Fe  are  *'p”  type 
dopants  if  oxygen  is  excluded  during  processing.  Data  is  presented  in 
Table  1  on  a  series  of  doped  CoSb^  allhys  prepared  by  melting  the  elements 
together  in  evacuated  Vycor  tubes  at  approximately  1200*C.  The  melting 
stock  had  been  deoxidised  prior  to  use  by  a  hydrogen  reduction  and  vacuum 
degassing  treatment.  After  melting  the  ingots  were  aged  for  22  hours  at 
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700*C,  th«n  ttctionsd  for  totting. 

At  can  bt  tttn  from  tht  data  in  Tablt  tha  tharmal  and  alactrlcal 
propartlat  hava  not  yat  baan  optimlaad.  Sinca  tha  CoSb^  compound  hat 
baan  producad  by  tha  Battalia  Laboratoriat  with  a  room  tamparatura  Saaback 
coafflclant  of  ^00\iV/*C,  our  alloyt  have  tha  appearance  of  being  over- 
doped.  Spactrographic  analytit  of  tha  malting  ttock  revealed  that  certain 
Impurltias  in  tha  Sb^  tuch  at  Fa,  could  be  ratponaibla  for  thit  condition. 
Tha  concentration  of  Fa  at  an  impurity  ranged  from  100  to  1000  ppm,  whereat 
the  concentration  of  Fa  utad  at  a  dopant  in  tha  Co  0025^^3 

ion  it  only  340  ppm.  A  different  grade  of  Sb  in  which  the  concentration  of 
tha  major  impurity  it  3  ppm  hat  been  obtained  and  will  be  utad  in  all 
future  axperimentt. 
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Fig.  4-Weight  change  of  CoSb2  g  i  3  environments 
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rties  of  CoSb^  ^  Te  ^  Se  ^  with  time 
at  temperature 


Gas  Pr«aiur>  Slnttrlna  «nd  Bonding 


Introduction 

A  basic  limitation  to  auccaaaful  tharmoalactric  ganarator  application 
haa  baan  tha  Inaufflclant  Ufa  obtalnad  whan  daalgnlng  to  tha  raqulrad 
application  apaclSlcatlona  with  tha  tharmoalactric  propartlaa  and  tamparatura 
limitations  of  prasantly  avallabla  matariala.  This  is  trua  with  both  basic 
typas  of  tarraatrial  ganarators:  tha  hlgh-powar  density,  highly  cycled 
portable  ganarators  which  have  a  Ufa  requirement  in  excess  of  1000  hours, 
and  tha  stationary  ganarators  of  a  relatively  higher  efficiency  and  much 
lower  cycling  rata  which  have  a  life  requirement  in  excess  of  10,000  hours. 

In  tha  high  power  density  ganarator  tha  major  problems  result  from  mechani¬ 
cal  failure  of  tha  tharmoalamants  caused  by  tha  nacassarlly  high  mechanical 
and  thermal  stresses  this  type  of  design  incurrs.  In  the  other  type  of 
gmtrator  tht  problam  is  btsically  one  of  thermal  and  chemical  atabllity  of 
the  thermoelements  and  their  contacts.  Suffice  it  to  say^  then^  that  if 
stronger;  more  homogeneous  thermoelectric  matarial  could  he  processed;  and 
lower  stresses  obtained  by  better  thermal  match  and  reduction  of  physical 
constraints;  a  solutibn  to  the  one  generator  problem  would,  be  nearly  obtained. 
Similarly  the  determination  of  more  coiripatlbla  contact  materials  and  better 
encapsulation  would  bring  the  problems  of  the  other  generator  much  closer 
to  solution.  Partial  results  from  one  approach;  that  of  gas  pressure  sinter¬ 
ing  and  bonding;  are  described  in  the  sections  that  follow. 
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Th«  itrtstM  Involvtd  may  ba  aommhat  arbitrarily  divldad  into  thraa 
basic  artat; 

1.  Shear  Stress  • 

Cause  -  Induced  by  mismatch  between  thermal  expansion  of 
pellet  materials  and  straps.  This  stress  may  be 
further  Increased  by  the  presence  of  bracing  alloy 
or  diffusion  barrier  layers. 

Methods  of  Reducing  Stress  -  Use  of  more  closely  matched 
strap  alloys.  Joint  forming  at  lower  temperature 
to  reduce  magnitude  of  mismatch,  use  of  pressure, 
liquid  or  sliding  contacts,  or  reduction  of  barrier 
layer  thickness. 

2.  Doming  Stress 

Cause  -  Temperature  gradient  across  pellet  causes  diameter 
of  one  end  of  the  pellet  to  expand  more  than  the 
other  with  consequent  flexure  of  pellet. 

Methods  of  Reducing  Stress  *  Use  of  pressure,  liquid,  or 
sliding  contacts,  use  of  thin  flexible  straps, 
multiplicity  of  thermal  elements  with  higher 
length  to  diameter  ratios. 

3.  Externally  Induced  Stress 

Cause  •  Pressure  loading  of  pellets  to  obtain  necessary 
heat  transfer  and/or  low  electrical  contact 
resistance. 
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Solution  •  Ust  of  liquid,  or  bottor  prostur*  contacts  and 
rafinad  machanical  daalgns  to  raduca  momanta  on 
pallata. 

Another  factor  which  would  raduca  tha  atraaa  problam  would  ba  an 
Improvanant  in  tha  machanical  atrangth  and  homoganaity  of  tha  pallata. 
Savaral  poaaibllitiaa  auggaat  thamaalvaa  in  thia  raapact: 

a)  datarmlnation  of  optimum  particla  also  and  dlatrlbution 

b)  improvad  aintaring  achedulaa  and  atmoapharaa 

c)  improvad  praising  tachniques  including  hot  praising  and 
iaostatic  forming 

d)  Incluaion  of  rainforcing  fibers  and  crack  stoppers 

e)  alloy  strengthening 

Some  or  all  of  the  resulting  improvements  in  mechanical  properties 
obtained  using  the  above  techniques  may  reduce  the  figure  of  merit  of  the 
thermoelectric  materials.  However,  degradation  of  10  to  20  percent  would 
be  tolerable  if  sufficiently  greater  strengths  or  improved  homogeneity 
could  be  obtained. 

Reduction  of  Shear  Stresses 

In  the  past.  Joining  alloys,  powder  layers,  and  strap  materials  used 
in  contacting  the  thermoelements  were  picked  on  the  basis  of  chaaiical 
compatibility  and  Joinabillty.  As  a  consequence,  with  soma  combinations, 
savers  shear  stresses  ware  introduced  into  the  contact  region. 

Attempts  to  obtain  compatible  Joining  materials  with  better  matched 
thermal  expansion  coafficlents  have  not  been  successful  to  date.  Attempts 


Ill-3-a 


•t  reducing  the  thiekneet  of  tho  barrier  leyere  by  plating  or  plaana 
■praying  have  not  been  ■uceasaful  baeauaa  of  poor  adharanca  or  porosity 
which  parnits  penetration  by  liquid  brasing  alloys.  Hot  working  of  such 
layers  has  shown  pronisa  and  this  technique  is  presently  being  investi¬ 
gated. 

Two  techniques  are  being  employed.  One  involves  the  use  of  thin 
layers  of  metallic  powders  which  ere  cbemicslly  compatible  with  the 
thermoelements  end  which  have  characteristics  that  permit  their  sintering 
under  the  pressures  (up  to  10,000  pei)  end  taaiperetures  (up  to  700*C)  used 
to  hot  work  the  thermoelectric  materials.  However,  this  approach  doss  not 
eliminate  possible  porosity  or  thermal  mismatch  problems  completely  even 
though  very  dense  and  thin  layers  have  been  obtained  and  the  use  of  pressure, 
spongy  metal,  or  liquid  contacts  in  conjunction  with  these  layers  appears 
feasible. 

The  other  basic  technique  is  the  use  of  plasma  coated  foils.  In  this 
approach  a  thin,  rough  layer  of  compatible  metal  is  sprayed  onto  a  thin 
(.003"  to  .005")  foil  which  matches  the  thermoelement  in  expansion.  The 
plasma  coated  foil  is  then  hot  worked  onto  the  end  of  the  thermoelement 
to  obtain  an  intimate  mechanical  bond.  Porosity  of  the  plasma  layer  still 
presents  a  problem  since  the  foil  materials  in  general  are  not  compatible 
with  the  thermoelectric  materials.  However,  thin  plated  layers  of  compati¬ 
ble  materials  may  be  used  between  the  plasma  and  foil  to  obtain  a  barrier 
layer  without  appreciably  affecting  the  expansion  match  of  the  foil.  Good 

bond  adherence  and  low  contact  resistance  can  be  obtained  with  this  technique. 

Presently  plass>a-foil  combinations  are  being  made  and  evaluated  by 
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iMtallography^  raslstane*  maaauramanta,  and  thanaal  cycling  taata,  and 
efforts  ara  balng  mada  to  Improva  plaaiiia*spraylng  tachniquas  and  also 
to  obtain  battar  diffusion  barriers  on  the  foils. 

Doming  Stress 

The  doming  stresses  ara  determined  by  the  length  to  diameter  ratio, 
thermal  gradient,  thermal  expansion  coefficient  of  the  thermoelectric 
msterlal,  and  the  extent  to  which  the  pellet  is  constrained  from  assuming 
its  natural  shape. 

The  major  reduction  in  this  stress  for  a  given  geometry  may  be  obtained 
by  the  use  of  thin  wafer  or  foil  contacts  which  are  sufficiently  flexible 
to  follow  the  domed  contour  of  the  pellet.  Use  of  liquid  or  pressure 
contacts  with  the  thin  foils  or  powder  wafers  permits  such  deflections 
without  inducing  high  stress.  Noble  metal  pressure  contacts  and  liquid 
contacts  are  consequently  being  investigated  and  are  proving  to  be  quite 
acceptable  in  terms  of  contact  resistance. 

Mechanical  Strength 

It  is  obvious  that  Improved  mechanical  strength  of  thermoelectric 
pellets  would  simplify  the  stress  problems.  Since  examination  of  failures 
has  shown  that  pellets  have  often  cracked  at  locations  other  than  the 
highest  stress  point,  and  since  a  reasonably  high  percentage  of  units  from 
a  particular  run  perform  without  cracking,  it  is  felt  that  greater  homogen¬ 
eity  and  uniformity  might  provide  a  partial  solution  to  the  problem.  As  a 
consequence,  a  review  and  investigation  of  powder  processing  from  the  ingot 
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natarlal  through  th«  tlntaring  oparation  ia  balng  earriad  out. 

Among  tha  varlablaa  balng  conaldarad  ara  crushing  tachnlqua  (and  thus 
particla  shapa)  and  partiela  slza  and  distribution.  Although  somawhat 
hlghar  strangths  hava  baan  obtainad  by  soma  of  thase  variations  than  with 
tha  pravlous  standard,  soma  lack  of  uniformity  ramains.  This  non>unlform- 
ity  stams  partially  from  dia  friction  and  tha  consaquant  dansity  variations. 
In  an  attampt  to  raduca  this  factor  and  improve  homoganaity,  isostatic 
prasaing,  and  hot  working  are  both  being  Invastigatad.  Tha  latter  is  being 
carried  out  in  conjunction  with  the  foil  contact  work  described  previously. 
At  present,  hot  working  of  this  type  has  shown  definite  Improvement  in 
ultimata  mechanical  strength  but  improvement  is  still  needed  in  homogeneity. 

Tha  use  of  fiber  reinforcing  is  also  being  investigated.  As  in  tha 
case  of  tha  foil  contact,  a  problem  exists  in  that  tha  metals  which  match 
tha  coefficient  of  expansion  of  tha  thermoelectric  materials  are  reactive 
with  them.  In  addition  these  metals  (Cu,  Ag,  Al,  etc.)  have  lower  moduli 
than  desired.  Consequently,  the  majority  of  this  work  is  being  dona  with 
materials  having  a  lower  expansion  coefficient  than  desired.  However,  this 
may  not  be  as  serious  a  problem  as  it  first  appears,  since  successful  work 
has  been  done  with  ceramics  and  metal  fibers  in  which  the  thermal  expansion 
mis-match  was  in  this  direction.  If  proper  fiber  mixing  techniques  can  be 
developed  and  some  further  promise  is  shown  on  tested  samples,  this  work 
will  be  extended  to  include  coated  wire  fibers  having  a  compatible  material 
jacket  and  matched  thenuil  expansion. 

Metallic  encapsulation,  in  which  the  pellet  is  contained  in  a  thin 
metallic  sheath  is  also  being  Investigated.  Early  work  indicated  thet. 
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from  th«  •ncaptulation  point  of  vl«w,  this  a  vary  promising  approach, 
but  vary  littla  maehanical  improvamant  waa  obtainad.  Aaaambly  and  coat 
of  material  wara  prohibitively  high  in  the  early  deaigna.  A  new  technique 
ie  praaently  being  tried  in  conjunction  with  the  hot  working  which,  if 
aucceaaful,  ahould  circumvent  theae  objectiona. 

In  the  aectiona  that  follow,  three  gaa  praaaure  cyclaa  are  daacribed. 
Theae  experimenta  were  daaignad  to  inveatigate  the  variablea  that  have  been 
diacuaaed. 
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CycU  'A' 


Cycl*  'A'  th«  initial  axparlmant  on  tha  gaa  praaaura  fondns  thoroo- 
alaetric  ptllata  Inaida  a  hanwtleally  aaalad  eontainar.  In  thia  cycla  ona 
praaaura  and  two  tamparaturaa  wara  invaatigatad;  10,000  psi  at  600*C  and  6S0*C. 
In  addition,  two  claan>up  procaduraa  wara  taatad.  Tha  axparlmant  involvad 
12  tuba  aaaambllaa  aaeh  containing  10  pallata,  l/2  inch  dlamatar  by  l/2  inch 
in  langth. 

I  -  Tuba  Praparatlon 

Six  of  tha  tuba  aaaambllaa  wara  avacuatad  at  room  tamparatura  to  approxi- 
mataly  17  mlcrona  of  marcury  praaaura  and  than  haated  in  a  furnace.  During 
heating,  tha  tubaa  wara  alternately  evacuated  and  purged  with  an  argon 'hydro* 
gen  mixture  (95X  argon  •  5X  hydrogen)  until  a  tamparatura  of  400*C  waa  reached. 
Tha  tubaa  were  than  purged  with  tha  inert  gaa  mixture  for  approximately  24 
houra  at  400*C.  At  thia  point,  tha  tubaa  ware  allowed  to  cool  to  room  tampar¬ 
atura,  while  continuing  the  purge.  After  cooling,  tha  tubaa  wara  avacuatad 
to  approximately  1  micron  of  mercury  presaura  and  aaaled  off  under  vacuum. 
Throughout  the  entire  purge  cycle,  tha  dew  point  of  the  axhauat  gaa  waa 
cheeked  to  datanalna  tha  amount  of  water  vapor  being  removed  from  tha  aamplaa 
and  aaaambly, 

Aa  a  compariaon  check  of  clean-up  procadura,  tha  alx  remaining  tubaa 
were  not  evacuated.  Thaae  tubaa  were  fluahed  with  tha  argon-hydrogen 
mixture  and  haatad  to  approximately  450*C.  Bath  tuba  waa  provided  with  an 
axhauat  port  ao  that  tha  flow  could  be  regulated.  The  tubaa  ware  allowed 
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to  cool  Co  room  Comporcturo  ttill  undor  flushing  conditions  snd  wsrs  thsn 
ssslsd  off  with  a  posltlvs  prsssurs  of  argon-hydrogsn  gas.  Ths  daw  point 
was  also  chscksd  in  this  clsan-up  procsdurs. 

Ths  samplss  to  ba  tastad  wars  arrangad  in  Cha  12  tubas  so  as  Co  hava 
duplication  in  tha  two  dlffarant  cast  anvironmants.  An  additional  paramatar 
was  introducad  in  this  Cast;  that  of  slaava  matarlal.  Thraa  tubas  Incorpor- 
atad  boron  nitrlda  slaavaa,  four  tubas  had  low  dansity,  low  compraaslva 
strangth  graphics  slaavas,  and  fiva  tubas  had  avaraga  dansicy  and  strangth 
graphita  slaavas,  Again,  thasa  flllars  or  slaava  maCarials  wara  so  placad 
as  to  hava  duplication  and  cross  chocks  on  Chair  affact  on  ths  various 
ChsrmoalacCric  matarlals  in  both  tha  vacuum  and  InarC  gas  anvironmants  as 
wall  as  tha  two  tamparatura  conditions. 

II.  Tamparatura  *  Prassura  Cycle  in  Autoclave 

I  Due  to  the  fact  that  this  test  was  the  first  attempt  to  sinter  and 

contact  tha  thannoalactrlc  material  in  one  operation^  no  previous  knotfladge 

i 

i  was  available  on  the  correct  or  most  advisable  temperature-pressure  combina¬ 

tion  in  the  autoclave  furnace.  Based  on  limited  material  strength  and 

I 

chemical  compatibility  data  at  various  temperatures,  and  on  past  work  in 
hot  pressing  plain  pellets,  it  was  dacided  to  try  two  tamparaturas  at  one 
prassura.  Tha  tubas  containing  GeBiTe  were  run  at  600*C  and  10,000  psl 
i  external  pressure.  Tbe  PbTe  tubas  were  run  at  650*C  and  10,000  psl.  With 

Cha  various  pressure  drops  across  tha  stainless  steel  clad  and  filler 
!  sleeves,  this  resulted  in  approximately  7500  psl  radial  pressure  on  tha 

j  chermoalactric  matarlal. 
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It  was  alto  dacidad  that  tha  praatura  and  tamparatura  would  ba  incraaaad 
tlaultanaoualy  to  that  maxinum  tamparatura  would  ba  raachad  at  tha  tama 
tlma  at  maxinuai  prattura,  Tha  aamplaa  wara  hald  at  tamparatura  and  praatura 
for  two  hourt  aftar  which  tha  praatura  and  tamparatura  wara  raducad^  again 
timultanaoutly.  Tha  aamplaa  wara  than  praatura  chackad  for  any  laakt  that 
might  hava  occur  rad  during  tha  praatura  aintering  procaat. 

1X1.  Contact  Hatarlal  Invaatlgatad 
1.  GaBiTa 

Batad  on  praviout  compatibility  teats  and  on  datirad  combinations  datarminad 
from  strata  conaidarations^  both  plasma  sprayed  foils  (thin-matal  discs)  and 
pra-formad  powdar  wafers  wara  included  as  contact  poatibilitiat.  Tha  contacts 
invastigatad  on  GaBiTa  wara; 

(a)  Tungstan  foil 

(b)  Armco  iron  foil  and  powdar  wafer 

(c)  Tungsten  plasma  spray  on  302  stainlass  steal  foil 

(d)  Mickla-phosphorous  plasma  spray  on  302  stainless  steal  foil 

(a)  Mickla-phosphorous  pressed  caps 
(f)  Cobalt  prassad  caps 

(b)  ^30  stainlass  staal  cups  and  slaavas 
2*  Tha  contacts  invastigatad  for  PbTa  ware: 

(a)  Type  302  stainlass  staal  foil 

(b)  Armco  iron  foil 

(c)  Iron  powdar  wafer 

(d)  Nickla-phosphorous  wafer 
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(•)  Iron  pUoma  spray  on  302  atalnloss  atool  foil 

(£)  Hieklo-phoaphoroua  spray  on  302  stainlass  stsal  foil 

(s)  lypa  304  stainlass  stsal  cups  and  slatvas 

IV.  Rasults 

In  ganaral,  radial  distortion  of  both  tha  stainlass  stsal  cladding  and 
thamoalactric  pallats  was  excessiva  in  all  the  tubas  containing  graphite 
slaavaa.  Tha  low  density  graphite  sleeves  experienced  the  most  distortion. 
The  tubes  containing  boron*nitride  sleeves  showed  the  least  distortion. 
Examination  of  the  tubes  also  indicated  that  the  greatest  distortion 
occurred  where  GeBiTe  was  located  in  conjunction  with  graphite  sleeves, 
although  some  radial  distortion  in  boron-nitride  was  evident  (concave  at 
center) . 

The  distortion  occurred  as  a  local  collapsing  (buckling)  of  the  stain¬ 
less  steel  clad  with  resultant  diatortion  of  the  thermoelectric  sample 
ranging  in  form  from  oval-shaped  pellets  to  tear-drop  shaped  in  the  more 

excessive  cases. 

The  PbTe  samples  showed  less  distortion  In  the  graphite  sleeves  and 
relatively  no  distortion  in  the  boron-nitride  sleeves.  In  all  cases,  this 
distortion  had  a  concave  (hour-glass)  shape,  located  very  nearly  at  the 
center  of  the  pellet. 

Examination  of  metallographic  samples  of  various  pellets  indicated 
that  siany  of  the  plasma  sprayed  foils  did  not  bond,  although  in  soma  cases 
the  plesma  did  not  adhere  to  the  base  foil  but  did  bond  to  the  thermo¬ 
electric  BUiterial,  The  pressed  iron  cap  on  PbTe  looked  very  good  as  did 
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th«  nickl«-photphorouf  contact  on  GaBtTa.  Tht  plain  foils  did  not  adhara 
whara  no  raaction  was  prasant.  It  should  ba  notad  that  tha  lack  of  contact 
bonding  nay  hava  baan  influancad  by  tha  graat  distortion  of  tha  pallat. 

Cracking  of  tha  tharmoalactric  pallats  was  avidant  in  many  casas  whara 
distortion  was  graat  and  whara  obvious  expansion  diffarancas  (contact  to 
tharmoalactric  material)  vara  involved.  However^  there  wars  cases  of  crack* 
ing  which  could  not  be  explained  as  readily.  For  axampla^  soma  hi^ly 
distorted  pellets  showed  no  cracking  where  pallats  with  relatively  no. 
distortion  had  many  cracks. 

In  general,  tharmoalactric  property  tests  showed  that  tha  Seaback 
coefflciant  was  increased  and  resistivity  was  decreased  in  gas  pressure 
sintering.  Also  room  temperature  tensile  strength  was  nearly  doubled. 

These  taste  ware  made  on  samples  that  were  not  greatly  distorted. 

V.  Conclusions 

The  results  of  Cycle  *A'  ware  generally  very  encouraging,  with  tha 
primary  question  of  feasibility  being  answered.  Mechanical  properties  as 
wall  as  thermoelectric  properties  were  improved  by  gas  pressure  sintering. 
Evaluation  of  the  results  of  both  macroscopic  and  microscopic  examinations 
pointed  out  many  areas  of  further  study  and  development  to  ba  Investigated 
in  future  test  cycles.  An  attempt  to  improve  the  integrity  of  plasma 
sprayed  layers  on  contact  foils  was  definitely  indicated  as  a  major  work 
area.  Batter  expansion  matching  of  contact  material  to  tharmoalactric 
material  was  also  an  important  factor  to  ba  considered. 
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Sinct  distortion  of  both  tho  stsinlsss  stool  clod  ond  tho  thormooloctrlc 


pollots  VOS  0  vory  important  problom  in  this  cyclo^  it  was  concludod  that 
both  fillor  sloovo  donslty  and  pollot  donsity  voro  vory  important  factors  in 
deciding  vhothor  or  not  distortion  would  bo  oxcossivo,  Moasuromonts  indicated 
that  tho  donsity  of  both  tho  GoBiTo  and  PbTo  wore  increased  to  vory  nearly 
100  percent.  This  change  in  dimension  must  bo  taken  up  in  tho  outer  clad 
and  fillor  sleeves.  For  this  reason,  higher  compressive  strength,  hi^er 
density  graphite  sleeves  were  planned  for  Cycle  'B'  .  The  boron-nitride 
sleeve  material  was  eliminated  since  it  had  little  or  no  strength  at  form¬ 
ing  temperature  and  could  be  replaced  by  a  high  strength  graphite  material. 

In  addition  to  sleeve  material  changes^  it  was  concluded  that  the  temperature- 
pressure  cycle  in  the  autoclave  furnace  would  be  changed  to  allow  the  tubes 
to  reach  working  temperature  before  they  were  subjected  to  pressure.  This 
was  based  on  the  theory  that  the  material  would  be  more  plastic  and  therefore 
might  pressure  form  more  uniformly  without  cracking. 

CYCLE  *B^ 

A  second  cycle  of  the  series  of  gas  pressure  bonding  tests  was  planned 
using  the  information  obtained  in  Cycle  'A'.  Both  green  and  pre-sintered 
samples  of  ''n"  PbTe  and  '*p”  PbTe  as  well  as  green  and  pre-sintered  samples 
of  GeBiTe  were  included  in  this  cycle.  It  was  felt  that  the  sintered 
samples  being  more  dense  would  reduce  the  amount  of  distortion  due  to 
densification.  In  addition  to  changes  in  sample  preparation,  three  grades 
of  graphite  sleeves  were  tested.  These  grades  ranged  from  low  density, 
low  compressive  strength  material  to  high  density,  high  strength  graphite 
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similar  to  dla  matarlal.  Tha  sanplct  wars  arrangad  to  conpara  and  cross* 
chsck  tha  affacts  of  pra-slntaring  and  sleava  dansity  and  strangth.  Twalva 
tubaS;  aach  containing  10  sampla  pallatS;  wars  includad  in  this  cycls. 

1 •  Tubs  Prsparation; 

Six  of  tha  twalva  tubes  wars  evacuated  to  approximately  sight  microns 
of  mercury  prassura  at  120*C^  than  heated  to  600*G  while  under  vacuum  and 
allowed  to  heat  soak  for  approximately  40  hours.  The  tubes  ware  then 
allowed  to  cool  and  ware  sealed  off  under  a  vacuum  of  3  microns. 

The  remaining  six  tubes  were  evacuated  to  less  than  one  micron  of  Hg 
pressure  at  1S0*C.  In  contrast  to  the  previous  samples^  these  tubas  were 
heated  to  slightly  less  than  450*C  under  vacuum  and  heat  soaked  for  40  hours 
at  three  microns  of  mercury  pressure.  The  tubes  were  then  cooled  and  sealed. 

II.  Temperature-Pressure  Cycle  in  Autoclave 

The  plan  for  the  cycle  was  as  follows:  The  tube  assemblies  would  be 
heated  to  6S0*C  at  300  psi  pressure.  After  heating  the  pressure  would  be 
increased  to  10^000  psi.  The  samples  would  then  be  held  at  650*C  and 
lO^OOO  psi  for  two  hours.  At  this  point,  the  pressure  would  be  released 
but  the  temperature  maintained  at  the  630*C  level.  When  the  pressure  had 
been  reduced  to  1000  psi,  the  samples  would  be  allowed  to  cool  to  room 
temperature.  The  cooling  time  would  be  twelve  hours.  Overall,  tha  samples 
would  be  held  at  6S0*C  for  six  and  ona-half  hours  and  under  full  pressure 
for  two  hours  of  this  time. 

It  was  fait  that  many  of  tha  cracks  occurring  in  Cycle  'A*  ware  due 
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to  brittle  fracturo  tinea  tha  prattura  waa  appliad  whila  tha  taaplaa  vara 
in  a  brittla  atata,  At  6S0*C,  axparimantal  taat  data  hat  ahom  that  tha 
tharvoalactric  natarial  it  plattic  and,  tharafora,  ahould  flow  without 
cracking.  Alto,  tha  atainlata  ttaal  clad  would  hava  a  lowar  yiald  point 
and  tand  to  flow  mora  uniformly.  It  wat  raalizad  that  chamical  raaction 
night  ba  mora  of  a  problam  in  thit  cycla  ainca  tha  aamplat  and  contaett 
wara  at  a  high  tamparatura  for  a  longar  pariod  of  tima, 

III.  Contact  Matarial  Invaatigatad 

1.  GaBiTa 

Effortt  in  improving  platma  sprayad  contact  matarial  on  a  variety 
of  foilt  wat  ttill  under  intantive  invattigation  at  tha  tima  of  thit  cycla 
and,  therefore,  the  contaett  wara  mottly  limited  to  powder  wafart.  Only 
two  platma  contact!,  both  on  430  ttainleat  ttaal  clad  coppar,  wara  tatted. 
Theta  contaett  ware: 

(a)  Nickel -photphorout  wafer 

(b)  Nickel  •-photphor  out  pre-prat  tad  cape 

(c)  Nickel -photphorout  platma  tpray  on  430  atainlata  clad 
coppar  foil 

(d)  Tungatan  platma  on  430  atainlata  clad  coppar  foil 
(a)  Ultratonic  tin  contact 

2.  Tha  following  contact  matariala  wara  taetad  for  "p**  and  *'n'*  type 

FbTa: 

(a)  Nickel -photphorout  prattad  cap 

(b)  Nickel -photphor out  wafer 
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Iron  wafer 


(c) 

(d)  Nickel  foil 

(e)  Cobelt  preseed  cepe 

(f)  Nickel  ••phosphorous  plesne  sprey  on  304  stainless  steel  foil 

(g)  Tungsten  plasma  spray  on  304  stainless  steel  foil 

XV.  Results 

Contrary  to  original  thinking^  distortion  was  extreme,  particularly 
in  the  case  of  GeBiTe.  The  PbTe  samples  again  exhibited  the  least  distortion 
with  the  pre-sintered  pellets  showing  less  than  the  green  samples. 

The  tube  assemblies  that  combined  low  density,  low  strength  graphite 
with  GeBiTe  samples  were  so  badly  distorted  that  acceptable  samples  for 
metal lographic  studies  and  property  tests  were  difficult  to  find.  However, 
samples  of  all  materials  and  sleeve  combinations  were  obtained.  The 
distortion  referred  to  in  this  cycle  can  best  be  described  as  a  tear-drop 
shape  caused  by  local  collapse  of  the  stainless  steel  clad  and  graphite 
sleeves. 

Metal lographic  examination  indicated  that  the  nickel -phosphorous  and 
cobalt  contacts  were  compatible  and  bonded  very  well  with  both  the  "p”  and 
"n"  type  PbTe.  The  nickel -phosphorous  plasma  spray  on  304  stainless  clad 
copper  also  appeared  compatible  and  metallurglcally  sound.  Although  many 
of  the  PbTe  samples  were  badly  distorted,  no  excessive  cracking  was 
observed.  Some  obvious  expansion  mis-match  cracks  were  observed  but  these 
could  be  explained  from  thermal  stress  considerations. 
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Mi ck*l -phosphorous  and  cobslt  contacts  wsra  also  favorabla  with  GsBlTs 
althou^  to  a  lastar  dagrtt.  Daflnlta  reaction  did  taka  place  with  the 
nickel -phosphor out  but  the  reaction  did  not  appear  detrimental  to  either 
thermoelectric  properties  or  pellet  resistance.  Cobalt;  on  the  other  hand; 
reacted  to  a  much  greater  degree;  but  the  bond  was  primarily  mechanical. 

It  was  observed  that  violent  reaction  took  place  between  the  GeBlTe 
and  the  nickel -phosphorous  plasma  sprayed  430  stainless  clad  copper. 

Further  examination  indicated  that  this  reaction  was  mainly  with  the 
copper  itself  and  not  the  stainless. 

V.  Conclusions 

The  uiain  conclusion  drawn  from  this  cycle  was  that  pre-heating  the  tube 
assembly  before  application  of  pressure  does  not  eliminate  radial  distortion 
but  in  fact  increases  the  chance  of  clad  buckling.  Since  the  thermoelectric 
materials  have  little  or  no  strength  at  the  high  temperature;  the  clad  loses 
all  of  its  back  up  support.  In  addition;  initial  machining  stresaes  and 
eccentricities  magnify  the  problem.  The  result  was  collapse  of  the  stain¬ 
less  steel  clad  with  the  resultant  distortion  of  the  thermoelectric  pellets. 

This  leads  to  the  conclusion  that  pre-pressurizing  at  room  teoiperature 
will  allow  the  clad  to  yield  and  absorb  all  of  the  assembly  clearances  but 
still  be  backed  up  by  the  thermoelectric  pellets.  Considering  the  pressure 
drops  across  the  clad  and  graphite  sleeves;  the  pressure  on  the  pellets  would 
still  be  less  than  the  compressive  strength  of  the  weakest  material  and^ 
therefore;  no  initial  cracking  of  the  pellets  should  occur.  There  is  a 
chance;  however;  due  to  local  conditions  that  the  thermoelectric  pellet 
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My  b«  fractured  by  an  unavan  praaaura  dlatribution.  For  thla  raaion^  a 
pralimlMry  taat  of  aix  tubaa  containing  all  thraa  tharmoalactric  Mtariala 
and  thraa  diffarant  slaava  Mtarials  was  plannad.  Tha  '’cold  forming" 
axparimant  will  ba  diacuaaad  in  Cycla 

Another  important  conclusion  drawn  from  this  tast  is  that  tha  tharmo¬ 
alactric  Mtariala,  both  GaBiTa  and  PbTa,  can  ba  hot  workad  and  that  they 
both  exhibit  limited  plastic  flow.  This  conclusion  is  based  on  matallo- 
graphic  examination  of  samples  that  were  extremely  distorted  and  obviously 
extruded  and  formed  but  were  not  cracked  or  fractured  as  might  ba  expected 
under  such  conditions. 


Cycle 

Six  tuba  assemblies  ware  prepared  to  determine  the  effect  of  "cold  forming" 
tha  clad-sleave  assembly.  The  pressure  was  set  at  20,000  psi  to  exaggerate 
tha  effect  of  pressure  on  the  thermoelectric  pallet  samples.  Five  of  the 
six  samples  incorporated  a  relatively  high  density,  high  strength  graphite 
sleeve  (National  Carbon  Type  AUC).  The  raMining  tube  contained  a  very 
high  strength,  high  density  graphite.  (Speer  Carbon  Co.  380  graphite) . 

1.  Tube  Preparation 

The  six  tubes  were  alternately  evacuated  and  inert  gas  purged  at  450*C 
for  approxiMtely  96  hours  and  were  then  purged  while  being  cooled  to  room 
temperature.  Finally,  the  assemblies  were  evacuated  to  less  than  1  micron 
of  mercury  pressure  at  which  point  they  were  sealed. 

This  preliminary  test  was  Mde  in  an  isostatic  pressure  vessel  at  room 
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ttvparatur*.  At  Z0,000  pal  axtarnal  praaaura,  tha  tharaioalactrie  pallata 
would  axparianca  approxlmataly  15,000  pal  praaaura.  Although  thla  praatura 
it  abova  tha  eonpraaalva  atrangth  of  aithar  tha  GaBlTa  or  PbTa  pallata.  It 
la  balow  tha  cold  praaaing  praaaura  of  60,000  pal  coanonly  uaad  for  coaq>act- 
Ing  pallata.  It  waa  thought  hara  that  tha  alaava-clad  anvironmant  would 
approach  tha  conatralnt  of  tha  dia  onca  tha  clad  and  alaava  wara  cold  foraad 
agalnat  tha  pallat. 

A  variaty  of  contact  wafara  and  folia  wara  Includad  In  tha  cold  form¬ 
ing  taat  to  aimulata  actual  cycla  condltlona. 

II.  Raaulta 

Aa  axpactad,  tha  clad  and  alaava  did  "cold  form"  avanly  and  without 
dlatortlon.  On  tha  avaraga,  thara  waa  a  dacraaae  in  diamatar  of  .025  Inchaa 
for  both  tha  GaBlTa  and  PbTa  tubaa  having  AUC  graphlta  aa  tha  alaava 
matarlal,  and  tha  tuba  containing  580  graphlta  axparlencad  a  dlmatlcal  da- 
craaaa  of  .014  Inchaa.  Since  the  total  aaaembly  clearancaa  were  .010  Inchea 
maximum,  an  apparent  danalflcatlon  did  take  place. 

Upon  examination  of  the  tubaa  and  aamplea.  It  waa  found  that  tha 
GaBlTa  or  PbTa  pallata  had  not  denalflad  to  any  maaaurable  extant.  Tha 
graphlta  on  tha  other  hand  did  danalfy  7-lOX  which  waa  vary  much  contrary 
to  available  data  on  graphite.  Alao,  neither  GeBlTe  or  PbTa  (n)  ahowed 
any  axcaaalva  cracking  or  dlatortlon  when  examined  mlcroacoplcally.  PbTa 
(p)  did  ahow  an  axcaaalva  amount  of  cracking  ragardleaa  of  alaava  material. 

Baaad  on  thla  teat,  alx  additional  tubaa  were  aaaamblad,  all  tubaa 
having  AUC  graphlta  aa  alaava  material.  Two  contact  matarlala  wara  Invaatl- 
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g«t«d,  namely  cobalt  and  nickel ‘phoaphoroua  wafera  and  pre-preaaed  powder 
capa. 

In  addition  to  tha  aix  aample  tubaa,  four  tubes  of  the  previous  high 
pressure  test  were  included  to  check  the  affect  of  overpressurixing  and  to 
datarmina  if  any  cracks  might  re*bond  during  the  gas  pressure  sintering 
cycle. 

A  further  extension  of  gas  pressure  sintering  thermoelectric  pellets 
in  a  sealed  tube  was  also  investigated  in  Cycle  'C.  This  consisted  of 
pressure  forming  in  a  larger  container  (cylinder)  using  graphite  disks 
machined  with  concentric  holes  to  accept  the  pellet  samples.  Tha  ulti¬ 
mate  goal  of  gas  pressure  sintering  was  to  use  this  type  of  geometry  which 
could  be  produced  cheaply  and  in  large  quantities.  The  graphite  disks 
would  act  as  a  die,  in  effect,  and  the  pellet  would  essentially  be  hot 
pressed  from  the  ends.  This  initial  test  was  designed  to  determine  the 
compressibility  of  various  graphite  materials  and  to  test  the  mechanical 
stability  of  the  assembly.  The  container  was  simply  a  thin  walled  stain¬ 
less  steel  cylinder  welded  to  two  thick  end  plates  which  were  provided 
with  evacuation  tubulation.  This  assembly  is  referred  to  as  a  "Stack"  in 
subsequent  discussion. 

la.  Tube  Preparation 

The  six  additional  tubes  and  the  stack  assembly  were  evacuated  at  room 
tearperature  to  approximately  5  microns  of  mercury  pressure.  They  were  then 
placed  in  a  furnace  preheated  to  150*C  and  allowed  to  reach  staady  state 
temperature.  A  constant  vacuum  was  maintained  for  three  hours.  The  temper- 
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fttur*  was  than  Incraasad  to  450*C  and  tha  tuba  assaabllas  altarnatoly  purgad 
with  argon  and  avacuatad  for  10  hours.  Aftar  cool  down,  tha  tubas  wars  ava* 
euatad  to  lass  than  1  nicron  of  mareury  prassura  at  room  taaiparatura  and 

saalad, 

Ila.  Taaparatura-Prassura  Cycla  In  Autoclsva 

In  sccordanca  with  tha  pravious  cold  forming  test,  the  sample  tubas 
and  tha  stack  ware  pre-prassurlsad  to  10,000  psl  at  room  tamparatura.  Tha 
tamparatura  was  than  Incraasad  to  6S0*C  with  tha  prasaura  being  maintained 
at  10,000  psl.  Tha  samples  wars  hald  at  tamparatura  for  2  hours  and  than 
allowad  to  cool  with  tha  prassura  malntalnad.  During  cool  down,  tha  prassura 
droppad  to  7,000  psl  dua  to  the  change  In  volume  of  tha  gas  In  the  autoclave 
furnace. 

Ilia.  Results 

Tha  results  ware  vary  encouraging.  Distortion  was  at  a  minimum  and 
all  tubas  showed  uniform  and  symatrlcal  pressure  forming.  Matallographlc 
examination  of  samples  of  GaBlTa  and  PbTe  (n)  and  (p)  did,  however.  Indi¬ 
cate  soma  cracking  of  tha  pallets.  In  general  both  tha  cobalt  and  nlckal- 
phosphorous  contacts  ware  vary  satisfactory  on  both  "p"  and  "n"  type  PbTa 
from  a  mechanical  bond  standpoint.  The  cobalt  appeared  to  be  more  compati¬ 
ble  with  tha  "p"  type  PbTa  than  did  tha  nickal-phoaphorous.  Tha  cracks 
present  In  "n”  type  PbTa  ware  axial  fractures  propagating  from  tha  contact 
Intarfaca  at  tha  canter  of  tha  pallet.  These  cracks  Indicate  expansion 
ods-match  with  tha  contact  material  having  tha  lower  expansion. 
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Th«  "p"  typt  PbT«  ihontd  many  cracka  and  fraeturaa  and  In  ganaral 
lookad  vary  poor.  Many  of  ths  cracka  that  vara  cauaad  In  tha  pra-praa- 
aurlalng  taat  did  not  ra-bond  and  appaar  aa  larga  cracka  aftar  balng 
praaaura  alntarad. 

Tha  GaBlTa  aamplaa  with  tha  nickel -phoaphoroua  wafar  contacta  lookad 
good.  Tha  contact  appeared  very  danaa  and  homoganaoua,  and  tha  bond  waa 
vary  atrong.  Soma  axial  and  radial  cracka  ware  noticed  under  microacopic 
invaatigation,  Tbeaa  failurea  aaamad  to  appear  at  random  and  without 
cauBC. 

The  Btack  aaaambly  waa  highly  deformed  but  neverthelaaa  intact.  Each 
layer  of  different  danaity  graphite  fillera  could  be  aeen  in  the  wall  of  tha 
container  aa  indentationa  and  atepa.  Mechanically  tha  concept  waa  feaaible, 
however,  graphite  deformation  and  thermoelectric  pellet  forming  reaulted  in 
extreme  difficulty  in  removal  of  the  aamplea.  Thla  indicated  higher  atrangth, 
hi^er  denaity  graphite  would  be  required. 

Concluaiona 

In  general,  cold  forming  will  reduce  diatortlon  at  the  expenaa  of 
brittle  fracture.  Due  to  aaaambly  tolorencaa  and  claarancaa,  cold  forming 
(pre-preaauriaing)  ia  abaolutely  neceaaary  if  a  uaaable  aampla  ia  to  be 
obtained.  Thla  ia  the  inherent  waakneaa  of  thia  method  of  praaaura  aintar* 
ing  in  concentric  cylindara,  (tuba  aaaambly). 

All  axial  loading  on  tha  pellet  aampla  and  forming  in  tha  tubaa  ia 
due  primarily  to  radial  loading  and  deformation  which  can  and  doea  cauae 
cracka  aa  well  aa  necking  down  of  tha  pellet  aamplea.  Althou^  many  varied 
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contacts  can  ba  bonded  in  this  wy,  cracking  raawins  tha  blggast  problaa. 

Ideally,  isostatic  loading  of  tha  pallet  would  result  in  unifom  bond¬ 
ing  and  danaification.  Tha  tubular  cylinder  method  approaehas  this  ideal 
case  in  ona  dimension  only  and  raliaa  on  plastic  flow  to  obtain  three  • 
dimensional  loading.  Plaatic  flow,  although  preaent  at  the  cycle  tamper- 
aturea  and  preaaures,  is  not  uniform  and  predictable  in  tha  themoelactric 
materials  investigated  to  date. 

Pure  axial  loading  (bot  pressing)  may  result  in  acceptable  contact 
bonds  but  at  the  expense  of  cracking  due  to  non-uniform  danaification  and 
sintering. 

At  this  point  of  material  development,  considerable  Interest  was  given 
to  the  idea  of  iaostatic  pressure  forming  at  temperatures  which  would  permit 
contact  bonding.  The  stack  concept  using  an  isostatic  media  was  conceived. 
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ChwBical  •nd  >tef  llur«tc«I  Cowtlbllltv 


I.  Scop*  of  Bxp*rim*nt 

An  InviStigation  of  th*  coo^atibility  of  various  farroua  and  non*f*rrous 
contact  matariala  with  thro*  thamoalactrlc  matarlals  was  undartakan.  This 
invastigatlon  was  primarily  an  axparimant  in  which  all  matariala  that  saamad 
at  all  f*aai,bl*  as  a  thsrmoalamant  contact  war*  taatad. 

Thra*  raaults  war*  axpactad;  (1)  no  parcaptlbl*  chamical  raaction, 

(2)  a  favorabl*  raactlon  charactariaad  by  a  low  alactrical  rasiatanca  alloy- 
ins  or  diffusion  Joint,  and  (3)  a  fallur*  or  high  alactrical  rasiatanca 
raactlon  layer  or  alloy. 

II.  Dascrlption  of  Exparlmantal  Satup 

All  samples  war*  tested  in  a  hermetically  sealed  stainless  steal  tubs 
(Type  304).  Two  inart  filler  materials  ware  used;  high  purity  graphite 
(National  Carbon,  Type  ACU)  and  an  aluminum  oxide  powdar,  -  240  mash  six*. 

The  majority  of  th*  tests  wars  run  with  the  aluminum  oxide  powdar. 

All  thermoalactrlc  samples  ware  l/2  inch  dlamatar,  l/4  inch  long.  Th* 
materials  ware  GaBlTa  and  "p"  and  "n"  typ*  PbTa,  with  tha  greatest  emphasis 
baing  place  on  contact  compatibility  with  CeBIT*,  du*  to  its  greater  chemical 
reaction  with  most  materials.  Tests  with  "p”  and  "n"  typ*  PbTa  war*  limited 
to  a  small  number  of  contacts  that  ware  known  or  suspectad  to  ba  compatlbla 
with  these  materials. 

(A)  Assembly  of  Tubes 

Graphite  was  Initially  considered  as  th*  ideal  filler  material,  being 
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ln«rt;  having  lov  atrangth^  and  having  tha  ability  to  act  aa  a  gattar. 
Latar^  intaraat  waa  givan  to  tha  aluminum  oxida  aa  a  fillar. 

Whara  graphita  waa  uaad^  a  cylindrical  tuba  or  alaava  of  graphita  vaa 
machinad  to  aeeapt  tha  l/l  iuch  diamatar  pallat  aampla.  Tha  contact 
matarial  waa  placad  diractly  againat  tha  pallat  in  tha  form  of  a  praformad 
diac  or  aa  a  wafar  in  tha  caaa  of  powdara.  A  mora  datailad  diacuaaion  of 
tha  powdar  wafara  will  ba  given  in  a  aubaaquant  aaction.  A  contact  waa 
placad  againat  aach  and  of  tha  pallat.  Thaaa  aamplaa  aaaambliaa  (i.a. 
contact^  pallat,  contact)  wara  iaolatad  from  aach  othar  by  mica  aaparator 
diaca. 

Tha  uaa  of  aluminum  oxida  aa  a  fillar  matarial  praaantad  ona  major 
problem.  Sinca  moat  of  tha  contact  matarlala  wara  not  pra<-joinad  or 
pra-praaaad  but  wara  aimply  placad  againat  tha  pallat  aampla,  a  method  to 
inaura  that  tha  aluminum  oxida  would  not  gat  batwaan  tha  contact  and  tha 
tharmoalactric  pallat  had  to  ba  found.  Paat  work  on  matarial  compatibility 
had  indicatad  that  aluminum  waa  non^raactlva  with  GeBiTa  and  only  slightly 
raactiva  with  PbTa  up  to  about  450*C.  Tharafore,  aach  aampla  assambly  was 
wrapped  in  aluminum  foil  as  a  protection  maasura.  For  tha  PbTa  samples, 
tha  aluminum  foil  was  sprayed  with  graphita  to  reduce  contamination.  A 
mica  disc  separated  the  contact  matarial  from  tha  aluminum  at  tha  ends. 

To  assambla  tha  axparimantal  tubas,  tha  pallets  wara  centrally  placad 
in  stainless  steal  tuba  and  tha  aluminum  oxida  sand  was  poured  and  vibrated 
around  tha  pallat  samples. 

(B)  Tuba  Cleanup  and  Sealing 

Four  different  cleanup  procedures  wara  investigated  to  determine  tha 
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tffact  of  both  otoutphor*  and  tamparatura  on  ehamieal  eoapatibillty.  Tbaaa 
procaduraa  wara  aa  followa: 

(1) .  Kvacuata  from  room  tamparatura  to  450*C,  cool  and  aaal 

undar  vacuum,  (approxlmataly  5  microns  of  marcury  praasura) 

(2) .  Room  tamparatura  evacuation  only  and  aaalad  In  vacuum. 

(3) .  Inart  gas  purge  (9SX  argon  SI  hydrogen)  at  4S0*C,  cool^ti 

while  purging^  and  seal  in  an  inert  atmosphere. 

(4) .  Room  taaiparatura  evacuation  to  ramova  moisture,  expose  to 

air,  and  aaal  in  air. 

(5) .  Each  assambly  had  an  evacuation  tuba  which  was  aaalad  by 

by  both  crimping  and  welding. 

(C)  Heat  Soak 

After  sealing,  a  thermocouple  waa  attached  to  each  tuba,  which  was  then 
placed  in  a  furnaca  prahaatad  to  600*C.  The  tuba  was  held  at  tamparatura 
for  2  hours.  Transient  time  was  approximately  l>l/2  hours.  After  soaking, 
the  tuba  was  removed  from  tha  furnaca  and  allowed  to  sir  cool.  The  cool¬ 
ing  cycle  took  approximately  1  hour. 

Ill.  Contact  Materials  Investigated 

Tha  contact  materials  investigated  in  this  axparimant  covered  a  vary 
wide  range  of  thermal  expansion  values  and  chemical  reactivity.  These 
materials  wars  in  tha  forms  of  pra-punchad  metal  foils  and  prs-formad  powder 
wafers.  All  omtals  that  sasmad  remotely  feasible  wara  tasted. 

(A)  Matal  Foils 

Tha  term  "foil*  is  used  to  aaq>hasis  tha  fact  that  tha  contact  layers 
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I 

I! 

or  caps  w«r«  vary  thin,  (in  moat  casaa  .010  inch  or  laas).  Tha  foil 
i  samplaa  wara  punchad  from  aithar  commareially  availabla  ahaat  or  haaviar 

|'  stock  that  had  baan  cold  rollad  to  tha  dasirad  thicknass.  In  addition  to 

pur a  matala  and  alloys,  plasma  spray  coatings  on  tha  basa  matals  wara 
I  invastigatad.  Tha  plasma  spray  tachniqua  allowad  a  known  compatibla 

I 

matarial  of  low  axpansion  coafficiant  to  ba  appliad  to  a  raactiva  matarial 
^  that  had  an  axpansion  match  with  tha  various  tharmoalactric  matarials. 

j  (B)  Powdar  Wafar 

! 

Tha  powdar  wafar  samplaa  included  matals  that  wara  not  raadily  avail- 
I  abla  as  thin  shaats  or  foils  and  matarials  that  ara  most  coomonly  used  as 

brasing  alloys. 

^  In  all  casas,  thasa  powdars  wara  mada  into  pra-formad  wafers  approxi- 

Mtaly  .020  inch  thick.  Tha  wafers  ware  mada  by  punching  discs  from  a 

i  .  ^ 

shMt  of  tho  powder  that  had  baan  liopragnatod  with  a  #500  Nlcrobraaa  camant. 

!  Thia  binder  is  primarily  a  nitro-calluloaa  compound  that  will  daconpoaa 

under  heat  (300*0)  and  will  leave  no  contaminating  residue.  Thia  technique 

1 

allowed  a  great  variety  of  materials  to  be  tested  that  would  otherwise  be 

j  unavailable, 

] 

In  addition  to  pure  metal  wafers^  a  cooibination  of  powders  were  mixed 
to  form  a  wafer  in  the  aame  manner  as  described.  This  was  done  in  an  attempt 
to  match  expansion  without  unfavorable  cheoiicai  reaction.  As  an  example  of 

I 

'  this  tast,  alusilnum  and  nlckal  powdars  wara  mlxad  in  tha  ratio  of  80  atomic 

I  parcant  aluminum  to  20  atomic  parcant  nickal.  In  this  mixtura  it  is  known 

that  tha  alusdLnum  is  highly  cosipatibla  with  GaBiTa  but  difficult  or  impossibla 
i  to  Join.  Mickal  on  tha  otharhand  will  bond  to  BaBiTa  but  with  a  high 

r 

i’ 
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•laetrical  raaltanca  Joint.  It  was  hopad  that  tha  eoBbinatlon  vould  axhlbit 
tha  good  eharactariatiea  of  both  matariala. 

Finally,  tha  powdar  wafara  and  matal  foila  wara  combinad  in  an  attaaipt 
to  obtain  a  favorabla  match.  In  thia  inatanca,  tha  wafar  uaually  acta  aa  a 
barriar  layar  for  tha  natal  foil.  An  axampla  of  thia  would  ba  aluaiinum 
powdar>gold  foil  combination. 

IV.  Raaulta  and  Concluaiona 

Baaad  on  viaual  obaarvationa  and  limitad  alactrical  raaiatanca  chacka 
only  praliminary  concluaiona  can  bo  drawn.  Tha  axparimant  waa  primarily 
a  procaaa  of  alimination  whara  tha  obvioualy,  poor  combinationa  wara 
aliminatad.  Furthar  and  mora  intanaiva  work  ia  nacaaaary  to  avaluato 
tha  raaction  whara  it  occurrad  to  datarmina  whathar  it  ia  favorabla  or 
unfavorabla  from  a  atandpoint  of  matallurigical  intagraty  and  alactrical 
raaiatanca. 

Tha  following  tabla  aunmariaaa  tha  raaulta: 
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THERMOiEl£CTRIC  FCHER-GENESIATING  COUFI£S 
I  UTIUZING  DIFFUSION  BONDED  TIN  CONTACTS 

C.  S«  Duncan,  W.  R.  Miller,  H>  L>  Taylor,  and  S.  Scuro 
r  Westinghouse  Research  Laboratories 

}.  Pittsburgh  35 #  Pennsylvania 

^  ABSTRACT 

Long-lived  power-generating  thermoelectric  couples  have  heen 
I  developed  by  this  project.  They  are  highly  resistant  to  the  combined 

effects  of  thermal  aging  and  thermal  cycling  as  proven  in  continuing 
j*  life-tests  now  ranging  to  beyond  6000  hours  and  25c  thermal  cycles. 

German! vun -bismuth- telluride  and  n-type  lead-telluride  are  operated  at 
p  500^C  hot  junction  temperature  with  large  The  measured  operating 

I  efficiency  closely  approaches  the  value  which  can  be  calctilated  by  vising 

the  thermoelectric  properties  of  the  materials  used, 
j  Construction  of  these  couples  features  diffused  tin  contacts 

and  a  method  for  control  of  vaporization  of  germaniuarbismuth-tellviride. 
I  Assembly  details,  which  are  given  herein,  are  entirely  adeqviate  for 

pilot  production  purposes. 

[ 

[ 

E 

E 
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INTRODUCTION 


The  primary  objective  of  this  program  Is  the  development  of 
power -generating  couples  suitable  for  use  In  the  construction  of  portable 
thermoelectric  generators.  In  order  that  a  couple  qualify  as  acceptable 
for  this  application,  the  following  minimum  requirements  have  been  adopted: 
l)  must  be  operable  to  hot  Junction  teiiq)eratures  of  at  least  500°C,  2)  power 
degradation  must  not  exceed  2^^  as  caiused  by  the  combined  conditions  of  2^0 
thennal  cycles  and  5000  hours  \inder  operating  conditions,  3)  couple  thermal 
efficiency  must  closely  approMh  the  maximum  value  allowed  by  the  thermo¬ 
electric  material  parameters,  4)  couple  fabrication  methods  idilch  provide 
a  high  degree  'of  manufact:iring  reproducibility,  and  5 )  power  density  per 
couple  must  be  equivalent  to  material  area/length  ratios  of  greater  than 
1.0  cm  with  one -half  Inch  leg  diameter. 

A  secondary  objective  of  this  program  is  the  development  of 
couples  suitable  for  a  modified  duty  cycle:  not  greater  them  25^t  power 
degrewiation  as  caused  by  the  combined  conditions  of  100  thermal  cycles 
and  10,000  hours  vinder  operating  conditions.  In  addition,  the  power 
density  requirement  Is  relaxed  to  allow  A/l  values  as  small  as  1.0  cm. 

life  eerfqrmance  obtained  with  various  TXFES 

OF  EXPERIMENTAL  CONTACTS  AND  COUPLES 

Figures  1  throu^  11  Illustrate  life  performance  that  has  been 
obtained  with  couples  prepared  by  a  variety  of  selected  methods,  'vdilch 
were  developed  In  this  program.  Each  figure  Is  accompcualed  by  two  related 
figures  ^Ich  show  the  performance  of  the  Individual  P  and  N  legs  of  eeu:h 
couple.  Thus  each  thermocouple  test  Is  a  complete  test  of  each  leg  as  well 
as  a  test  of  the  couple. 

The  couple  test  c\irve  shows  "relative  power  capability,  jt" 
plotted  against  the  number  of  thermal  cycles  euid  the  number  of  hours 
under  locuied  operating  conditions.  The  expression  "relative  power 
capability,  as  used  here  requires  some  explanation.  It  Is  a  plot  of 
what  the  power  degradation  would  have  been  If  the  following  conditions 
had  been  malntcdned  throughout  the  test:  l)  constant  tiS  per  leg,  and 
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2)  loeid  closely  matched  for  maximum  power  transfer.  Also,  the  power 
degradation  Is  shown  In  relative  rather  than  actual  values  with  the 
Initial  power  value  shown  as  100^.  For  reference,  the  act\ial  initial 
power  output  valve  Is  shown  for  each  couple.  The  actual  power  values 
for  couples  should  he  used  for  rou^  comparison  only  since  different 
leg  A/1  ratios  and  material  lots  were  used  and  since  cold  Junction 
temperatures  and,  eiccordlngly,  applied  ^'s  were  only  approximately  equal. 

Single  leg  test  data  also  shows  relative  power  capability 
for  each  leg  considered  as  If  It  were  operating  Independently  of  the 
other  leg.  Also,  the  resistance  value  and  Seebeck  coefficient  for  each 
leg  Is  plotted  versus  thermal  cycles  and  hours.  Single  leg  Information 
Is  essential  for  the  ultimate  design  of  couples  for  It  enables  one  to 
select  the  optimum  cont8u:t  method  and  to  cosqpute  the  most  favorable 
geometry  for  each  leg. 

In  order  to  enhemce  coiiq>arlson  of  cont8u:tlng  methods  all 
curves  In  this  report  are  plotted  with  Identical  scales  on  both  axes. 

Also,  the  hot  Junctions  were  universally  maintained  at  500°C  although 
cold  Junctions  were  maintained  at  only  roughly  150°C.  All  tests  shown 
were  performed  In  an  atmosphere  of  welding  grade  argon. 

The  thlnwall  recess  type  of  hot  Junction  construction  Is  Illustrated 
In  Figure  12  and  life  test  results  are  shown  In  Figures  1  through  h,  IP  through 
4F  and  UT  through  4N.  This  mode  of  construction  Is  designed  to  combine  In 
a  single  contact  a  provision  for  partial  encapsulation  and  a  means  for 
accomodating  the  "dome  effect."  The  encapsulation  is  achieved  by  virtue 
of  the  f6u:t  that  In  operation  a  £££  develops  edong  the  vertical  dimension  of 
the  thlnwall  recess.  Thus  the  hottest  portion  of  the  thermoelectric  pellet 
Is  encased  In  the  thlnwall  cavity  and  vaporization  Is  prevented.  A  diffused 
tin  bonding  technique  Is  employed  to  Join  the  pellet  leg  and  the  thlnwall 
recess  to  provide  a  contact  and  a  vapor  sesLL.  The  "dome  effect"  vdilch  has 
been  described  by  C.  K.  Strobel,  Research  Memo  929-3900-M8,  Is  the  property 
of  a  pellet  to  effect  a  hot  end  convex  curvature  vixen  a  M  is  applied 
along  Its  axis.  Since  this  condition  Is  reversible  It  contributes  strongly 
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to  the  degreulatlon  attributed  to  thermal  cycling.  Such  degradation  has 
been  shovn  to  be  greatly  reduced  by  the  use  of  a  recessed  type  contact 
\dilch  Joins  not  only  to  the  hot  end  of  the  thermoelectric  pellet  but  also 
to  the  pellet  sidewall  near  the  hot  end.  It  shoxild  be  noted  that  Figures 
1  through  4  concern  couples  with  a  variety  of  leg  and  thlnvall  dimensions, 
and,  as  such,  are  not  strictly  comparable.  This  contacting  method  Is 
suitable  for  use  with  both  F-  emd  N-type  materials. 

Figure  13  Illustrates  the  heavywsLll  type  of  recess  contact 
design  and  life  performance  Is  shown  In  Figures  5,  5P>  5N,  8P  and  9P* 

Joining  Is  again  accomplished  by  a  diffused  tin  bonding  technique  as  In 
Figure  12.  When  this  design  Is  used  at  500°C  the  hottest  portion  of  the 
P-leg  not  confined  In  the  recess  must  be  protected  against  harmfvil 
vaporization.  It  has  been  found  that  a  thin  coating  of  tin  will  very 
effectively  serve  this  purpose.  Con5)arison  of  Figures  8,  8P  and  8N  with 
9,  9P  9N  Illustrates  the  mechanical  loading  ("pressure")  dependence  of 
this  contact.  The  method  Is  suitable  for  both  P-  and  N-type  material. 

Flg\u:«  l4  illustrates  a  modified  version  of  "pressure"  contau:t 
emd  Figures  6N,  7N,  ION  and  IIN  Indicate  life  test  results.  This  contact, 
suggested  by  C.  K.  Strobel,  differs  from  conventional  "pressure"  contacts 
In  that  the  hot  end  of  the  pellet  leg  Is  prepeu^d  with  a  curvature  which 
Is  concave  at  room  temperature.  The  result  of  this  feature  Is  that  the 
pellet  end  becomes  planar  coincident  with  the  application  of  the  Intended 
ZST  of  operation.  Comparison  of  ION  and  IIN  Illustrates  the  mechanical 
loading  ("pressvire")  dependence  of  this  contact.  This  method  has  been 
found  vuseful  only  for  PbTe. 

Another  contact  arrangement  Is  given  In  Figure  13;  life  test 
results  are  shown  In  Figures  6F,  JP,  lOP  and  IIP.  This  method  employs  the 
diffused  tin  Joining  technique  as  with  Figures  12  and  13 .  The  hottest 
portion  of  the  materlsd.  leg  would  otherwise  be  subject  to  harmful  vaporization 
but  Is  effectively  protected  by  a  thin  tin  layer.  ISie  mechanical  loading 
("pressure")  dependence  of  this  method  can  be  seen  by  comparison  of 
Figures  lOP  and  UP. 
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Figures  1  through  11  in  ecush  Instemce  Indicate  life  perfoxnance 
of  co]ig>lete  couples.  With  the  exception  of  the  couples  of  Figures  9  and  11 
all  of  the  couples  cure  of  designs  and  operating  conditions  \dilch  provide 
long  life.  Couples  shown  in  Figures  1  through  9  employ  Identical  content 
methods  for  both  P  and  N  legs.  !Ehe  remaining  couples  have  different  contact 
methods  for  the  two  legs.  Generally,  It  Is  possible  to  combine  in  a 
single  couple  any  of  the  N-type  and  P**type  contacts  \dilch  may  be  desired 
for  obtaining  optimum  resiilts.  It  Is  Importcmt  therefore  that  each  thermo¬ 
electric  material  contact  method  be  considered  on  its  own  merits  alone. 

Cold  Junctions  used  In  these  couples  cure  In  cdl  instcmces 
prepared  by  a  dlffiislon  bonded  tin  method.  The  necessary  techniques  for 
preparing  this  contact  will  be  described  later  In  this  report. 

SEIFCTION  OF  CONTACT  METHOD  FOR  MOST  FAVORABLE  LIFE 

Couples  prepared  by  the  method  of  Figure  12  easily  meet  the 
primary  objective  of  this  program  as  described  in  the  Introduction.  It 
Is  not  yet  apparent,  since  not  enough  hoxirs  have  passed,  whether  some  of 
the  other  contcurt  methods  will  prove  to  be  superior  to  the  method  of 
Figure  12.  The  life  tests  reported  cu:«  continuing  and  the  relative 
merits  of  the  various  methods  will  In  time  become  apparent. 

There  appears  to  be  a  very  strong  likelihood  that  the  secondary 
objective  given  In  the  Introduction  will  also  be  met  with  some  margin  to 
spare.  At  this  time  there  is,  unfortunately,  only  one  couple.  Figure  4, 
under  life  test  \dilch  is  being  operated  at  the  required  duty  cycle. 

EFFICIENCY  OF  COUPLES 

nie  measurement  of  thermal  efficiency  of  co\q)le8  made  by 
methods  reported  here  have  been  performed  by  C.  K.  Strobel  and  reported 
In  the  following  Resecureh  Memos: 
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62-929-243-MI 

62-929-243^ 

62-929-243-M3 

62-929-242 -Ml 
62-929-242-M2 


Couples  prepared 

according  to  Piguare  10  have  efficiency  as 

follows; 

.Overall 

Thermoelectric 

Efficiency 

Efficiency 

500°C  to  156°C 

^6.3$ 

—  14.1^6 

U50°C  to  1»8°C 

*-12.83^ 

500°C  to  1^7°C 

<i- 13.436 

These  valxies  are  very  similar  to  the  values  which  can  be  obtained  by 
calculation  of  the  expected  efficiency  based  on  the  material  parameters* 
Initial  contact  and  strap  resistances  are  negligible.  Similarly,  the 
heavywall  contact  method  provides  efficiency  closely  approaching  the  value 
allowed  by  the  materials  properties.  Some  loss  of  efficiency  is  experienced 
with  the  thinwall  contact  method,  roxaghly  depending  upon  the  dimen¬ 
sions  used.  Also,  upward  of  0.5^t  efficiency  can  be  lost  with  the  use  of 
stainless  steel  as  a  strap  materia]^  ^tgain  depending  upon  dimensions  used. 

TIN  AS  A  JOINING  MATBHIAL 

All  cold  junction  contacts  and,  with  one  exception,  all  hot 
Junction  contacts  described  here  utilize  tin  as  a  Joining  material.  Tin 
is  a  very  fortunate  choice  in  that  it  alone  has  been  found  to  satisfy 
each  of  the  following  requirements:  l)  high  degree  of  compatibility 
with  both  germanium  bismuth  tellur ide  and  N-type  lead  tellur ide  to  at 
least  500^0,  2)  low  melting  point,  and  3)  low  vapor  pressure.  Another 
very  desirable  featxire,  but  not  necessarily  a  requirement,  is  the  great 
ease  with  ^Ich  it  is  used  in  these  contacting  methods.  The  exact 
techniques  required  for  tin  contacts  axe  given  in  the  following  section. 
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COUPLE  ASSEMBLY  (EECHNiqUBS 

The  methods  for  couple  fabrication,  Figures  12  throu^  1^, 
which  have  been  developed  by  this  project  are  simple  to  perform  and 
provide  a  very  hl^  degree  of  reproducability.  All  tin -bonded  contacts 
are  prepared  in  a  similar  manner;  Initially  all  eo^as  to  be  Joined  are 
ultrasonically  wetted  with  tin.  These  eureas  are,  specifically,  the 
appropriate  portions  of  the  thermoelectric  pellets  and  the  hot  and  cold 
Junction  contacts  as  shown  in  the  aforementioned  Figures.  The  tin  is 
then  diffusion  bonded  to  GeBiTe  and  FbTe  by  heat  treating  the  wetted 
pellets  for  10  minutes  at  550^0  in  argon.  Similarly,  diffusion  bonding 
of  tin  to  stainless  steel  is  accomplished  by  a  heat  treatment  of  10  minutes 
at  800^C  in  argon.  The  couple  parts  are  then  assembled  in  the  intended 
position  and  heated  to  above  the  melting  point  of  tin  during  which  time 
a  mechanical  load  of  approximately  k3  pounds  is  applied  axially  to  each 
leg.  When  the  melting  point  of  tin  is  reached  the  mechanical  load  will 
force  out  all  excess  tin  from  both  the  hot-  and  cold-junction  contacts. 
Excess  tin,  \diile  molten,  is  easily  removed  with  a  cotton  swab.  The 
couple  is  then  completed  by  cooling  to  below  the  melting  point  of  tin 
while  the  mechaniced  loading  is  maintained. 

For  thermoelectric  legs  utilizing  either  thinwall.  Figure  12, 
or  heavywall.  Figure  13,  recess  designs  a  pellet  to  recess  diametral 
clearance  of  O.OOi*-  inches  has  been  found  to  be  satisfactory.  The 
required  tin  wetting  of  pellet  sidewalls,  as  required  for  Figures  12,  13 
euid  1^,  can  be  accomplished  accurately  by  use  of  an  ultrasonic  soldering 
iron  and  positioning  arrangement.  The  thermoelectric  pellet  material 
will  not  be  readily  wetted  except  on  the  exact  areas  ^ich  are  touched 
with  the  tin  wetted  ultra-sonic  iron. 

The  modified  "pressure"  contact  is  novel  in  that  the  pellet  hot 
end  is  concave  as  previously  described.  Lapped  faces  for  both  the  hot 
Junction  strap  and  the  pellet  end  are  desirable;  the  concave  pellet  end 
shape  can  be  obtained  as  a  part  of  the  lapping  operation.  For  large  volisne 
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purposes,  pellets  can  be  pressed  with  a  built-in  concave  end.  For 
thermoelectric  legs  using  "pressure"  hot  Junction  contEu:ts,  the 
cold  Junctions  are  prepared  by  the  tin  method  described  earlier. 

THEBMQELECIRIC  MATERIALS 

N-type  lead  tellvirlde  used  with  these  couples  was  bismuth 
doped  pressed  and  sintered  material  prepared  by  either  the  Semiconductor 
Department  at  Youngwood  or  by  the  Materials  Laboratories.  Germanium 
bismuth  tellurlde  used  was  of  the  composition  Ge^  BIq  ^ 
prei>ared  by  the  Semiconductor  Department  at  Yo\ingwood.  All  material  used 
was  of  one-hedf  inch  diameter;  lengths  were  one -quarter,  three  eights, 
and  one  half  Inch. 


APPARATUS  FOR  OESTING 

Life  test  apparatus  built  specially  for  this  program  consists 
of  two  model  types  as  shown  schematically  In  Figures  l6  and  17 .  An 
essential  feature  of  these  testers  Is  the  arrangement  by  \dilch  each  leg 
Is  measvired  Independently.  This  feature  Is  essential  because  thermocouple 
development  and  design  can  be  properly  conducted  only  with  independent 
Initial  and  life-span  measurements  for  each  leg.  Measurements  for  the 
complete  coiq)le  are  also  readily  obtainable  from  this  apparatus. 

Full  utilization  of  these  testers  requires  that  couples 
intended  for  test  be  provided  with  appropriate  hot  and  cold  Junction 
measiarement  thermocouple  wells  and  voltage  plck-off  holes.  Ibe  details  of 
this  apparatus  and  Its  use  will  be  the  subject  of  a  forthcoming  Research 
Memo  by  V.  R.  Miller. 

C0NCLU5IQIV  AND  RECOIMENDATIOllS 

The  life  test  results  given  for  thlnwall  recess  coiqples.  Figures 
1  throu£^  3^  clearly  show  that  this  design  will  more  thsui  satisfy  the 
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primary  objective  (see  Introduction)  of  this  program.  Some  of  the  other 
designs  give  strong  indications  that  they  too  will  exceed  the  minimum 
requirements  althouf^  life  tests  to  this  date  have  not  yet  accumulated 
the  required  hours  and  thermal  cycles.  Assximlng  that  some  or  all  of  the 
more  recent  designs  will  satisfy  the  primary  program  objective,  a  choice 
of  couple  design  types  will  be  available  to  the  user.  The  more  recent 
couples,  Figures  7,  8  and  10,  have  two  adveuitages  over  thinwall  recess 
couples;  l)  efficiency  is  hi^er  by  0.5?t  to  l.Ojt  because  the  losses 
attributed  to  the  thinwall  feature  and  the  losses  attributed  to  the  high 
resistance  stainless  steel  strap  are  eliminated,  and  2)  cost  will  be 
lower  becaime  the  thinwall  feature  is  not  required. 

Although  the  secondary  objective  of  this  program  has  not  yet 
been  fully  achieved  it  can  be  reasonably  predicted  that  the  couple  of 
Figure  4  will  prove  to  be  satisfactory.  This  is  presently  the  only  test 
being  operated  on  a  duty  cycle  appropriate  to  the  secondary  objective 
although  additional  tests  are  planned. 

The  effect  of  axiedly  applied  mechamlcal  loading  ("pressvire") 
is  vividly  demonstrated  by  the  oonq)arison  of  Figure  8  with  Figure  9 
and  Figure  10  with  Figure  11.  The  minimum  loading  recommended  is  IJO 
pounds  per  square  inch.  An  increase  to  250  psl  appears  to  provide  no 
further  iiiq)rovement .  A  loading  of  50  psi  is  entirely  inadequate. 

For  each  of  the  couple  types  proposed,  the  required  fabrication 
techniqxjes  are  simple  and  can  be  performed  with  a  very  high  degree  of 
reproducibility. 
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Couple 

Number 

Thermo¬ 

electric 

Material 

Hot 

Junction 

Material 

A 

inches 

B 

inches 

C 

inches 

D 

inches 

E 

inches 

117 

GeBiTe 

304  S.  StI. 

0.125 

0.125 

0.250 

0.500 

0.008 

117 

PbTe 

304  S.  StI. 

0.125 

0.125 

0.250 

HMHH 

119 

GeBiTe 

304  S.  StI. 

0.125 

0.125 

0.375 

0.500 

0.008 

119 

PbTe 

304  S.  StI. 

0.125 

0.125 

0.375 

0.500 

121 

GeBiTe 

304  S.  StI. 

0.125 

0.125 

0.375 

0.500 

121 

PbTe 

304  S.  StI. 

1 

0.125 

0.125 

0.375 

0.500 

127 

GeBiTe 

304  S.  StI. 

0.125 

0. 1875 

0.50 

0.004 

127 

PbTe 

304  S.  StI. 

0.125 

0.125 

0.25 

0.500 

0.008 

Fig.  12-Thmwall  Recess  Contact 
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Couple 

Number 

Thermo¬ 

electric 

Material 

B 

inches 

C 

inches 

D 

inches 

E 

inches 

F 

inches 

143 

GeBITe 

304  S.  StI. 

0. 1875 

0.0625 

0.375 

0.500 

>0.060 

0.125 

143 

PbTe 

304  S.  StI. 

0. 1875 

0.0625 

0.250 

0.500 

H 

j^QIII 

147 

GeBiTe 

Cold 

Rolled 

Steel 

0. 1875 

0.0625 

0.375 

0.500 

>0.060 

0.125 

148 

GeBiTe 

Cold 

Rolled 

Steel 

0. 1875 

0.375 

0.500 

■ 

0 

Fig.  13~Heavywall  Recess  Contact 
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Thermo¬ 

electric 
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Hot 

Junction 

Material 

A 

inches 

c 

inches 

D 

inches 

0 

144 

PbTe 

* 

304  St.  StI. 

0.125 

0.25 

0.50 

145 

PbTe 

Low  Cartnn 
Steel 

0.25 

0.25 

Bl 

147 

PbTe 

Cold  Rolled 
Steel 

0.25 

0.25 

0.50 

148 

PbTe 

Cold  Rolled 
Steel 

0.25 

0.25 

0.50 

149 

PbTe 

Armco 

Fe 

0. 1875 

0.25 

0.50 

151 

PbTe 

0.1875 

_ ! 

0.25 

_ i 

0.50 

*  Contact  surface  of  hot  junction  material  treated  with  diffused  Sn 


Fig.  14-Modified  Pressure  Contact 
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Couple 

Number 

Thermo¬ 

electric 

Material 

Hot 

Junction 

Material 

A 

inches 

C 

inches 

D 

inches 

144 

GeBiTe 

304  St.  StI. 

0.125 

0.25 

0.50 

0. 125 

145 

GeBITe 

Low  Carbon 
Steel 

0.250 

^^9 

0.50 

0.125 

149 

GeBiTe 

Armco  Fe 

0. 1875 

0.50 

0.125 

151 

GeBiTe 

Armco  Fe 

0. 1875 

0.25 

0.50 

0.125 

Fig.  IS-Modified  Tin  (Sn)  Contact 
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